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FOREWORD 


The  U.  S.  Army  Engineer  Waterways  Experiment  Station  (WES)  is  conduct¬ 
ing  a  program  of  studies  at  the  request  of  the  U.  S.  Army  Engineer  Nuclear 
Cratering  Group  (NCG)  to  develop  analytical  and  empirical  methods  for  eval¬ 
uating  the  stability  of  nuclear  craters.  One  phase  of  the  program  is  con¬ 
cerned  with  the  slopes  on  cohesionless  fallback  material,  which  comprise  a 
major  portion  of  the  visible  crater.  This  aspect  of  the  overall  slope 
stability  problem  was  studied  intermittently  during  the  period  March  1964 
through  December  1 966  by  Mr.  B.  N.  Madver,  Embankment  and  Foundation 
Branch,  Soils  Division.  Project  Director  was  Mr.  W.  C.  Sherman,  Jr., 
Embankment  and  Foundation  Branch,  Soils  Division. 

This  report  was  prepared  by  Mr.  Maclver  under  the  direction  of 
Messrs.  W.  J.  Turnbull,  A.  A.  Maxwell,  J.  R.  Compton,  and  W.  C.  Sherman,  Jr., 
Soils  Division,  and  was  reviewed  by  Mr.  S.  J.  Johnson. 

Directors  of  the  NCG  during  the  study  and  the  preparation  of  this  re¬ 
port  were  LTC  Ernest  C.  Graves,  Jr.,  CE,  and  ETC  Walter  J.  Slazak,  CE.  Di¬ 
rectors  of  the  WES  were  COL  Alex  G.  Sutton,  Jr.,  CE,  and  COL  John  R. 

Oswalt,  Jr.,  CE.  Technical  Director  of  the  WES  was  Mr".  J.  B.  Tiffany. 
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GLOSSARY 


b  width  (or  intermediate  dimension)  of  particle,  in. 

BP  bulking  factor,  dimensionless 
c  cohesion,  psf  or  tons/sq  ft 

c.  cohesion  intercept  of  strength  envelope  of  cohesionless  material, 
psf  or  tons/sq  ft 

Cc  coefficient  of  curvature,  dimensionless 
Cu  coefficient  of  uniformity,  dimensionless 
D  size  (or  diameter)  of  particle,  in. 

D&  apparent  crater  depth,  ft  or  ft/kt1/3*1* 
average  particle  size,  in. 
relative  density,  percent 
Dmax  particle  size,  in. 

Dob  depth  of  burst,  ft  or  ft/kt1/3*^ 

D1q  effective  particle  size,  in. 

D30  size  of  particle  larger  in  size  than  30  percent  (by  weight)  of 
material,  in. 

Dj-0  average  particle  size,  in.  or  ft 

•°6o  size  of  particle  larger  in  size  than  60  percent  (by  weight)  of 
material,  in. 

D100  maximum  particle  size,  in. 

e  void  ratio,  dimensionless 
e  „  maximum  void  ratio,  dimensionless 
emin  minimum  void  ratio,  dimensionless 

Qq  original  or  preshot  void  ratio,  dimensionless 
Ef  energy  wasted  in  overcoming  friction,  ft -lb 
E,  kinetic  energy,  ft -lb 
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s 

FS 


G 


G 


Ep  potential  energy,  ft -lb 

F,  force  due  to  kinetic  friction,  lb 
k 

force  due  to  static  friction,  lb 
factor  of  safety,  dimensionless 
acceleration  due  to  gravity,  ft/sec 
specific  gravity,  dimensionless 
bulk  specific  gravity,  dimensionless 

ILL 

G-  specific  gravity  of  solids ,  dimensionless 
s 

H  height  (or  vertical  height)  of  slope,  ft 

H  apparent  crater  lip  crest  height,  ft  or  ft/kt 
ai 

J  curvature  factor  of  slope  in  plan,  dimensionless 

L  length  (or  horizontal  distance  measured  normal  to  cross  section) 
of  slope,  ft 

g,  length  (or  longest  dimension)  of  particle,  in. 
n  porosity,  percent 


n 


R 


original  or  preshot  porosity,  percent 

V 

N  normal  force,  lb 

r  radius  of  particle  or  radius  of  largest  circle  inscribed  in  outline 
of  particle,  in. 

radius  of  curvature  of  particle  corner,  in. 
c 

R  maximum  radius  of  slope  curved  in  plan  (positive  for  concave  slopes 
and  negative  for  convex  slopes),  ft 

i  apparent  crater  radius,  ft  or  ft/kt  ^ 

apparent  crater  lip  crest  radius,  ft  or  ft/kt 

cavity  radius,  ft  or  ft/kt1^*^ 


al 

R 

c 

s 

S 

t 

T 


spacing  of  charges,  ft  or  ft/kt1^'^ 
slant  height  of  slope,  ft 

thickness  (or  smallest  dimension)  of  particle,  in. 
tangential  force,  lb 


w  water  content,  percent 


W 

W 


W 


weight  of  particle,  lb  (main  text) 

weight  of  explosive  or  energy  yield  of  explosion,  lb  or  kt  (Appendix  B) 
apparent  crater  width,  ft  or  ft/kt^^  ‘  ^ 


W 


al 


apparent  crater  lip  crest  width,  ft  or  ft/kt 


1/3-4 


x  longitudinal  distance  or  horizontal  distance  parallel  to  toe  of 
slope,  ft  or  ft/ktV3.4 


x 


lateral  distance  or  horizontal  distance  perpendicular  to  toe  of 


lateral  distance  or  horizontal 
slope,  ft  or  ft/ktV3.4 

vertical  distance,  ft  or  ft/kt 


1/3.4 


location  of  apparent  crater  bottom  above  origin  of  .coordinate  system 
base  on  average  fallback  slope  angle,  ft  or  ft/ktV3*4 

location  of  apparent  crater  bottom  above  intersection  of  asymptotes 
to  hyperbola  representing  apparent  crater  profile,  ft  or  ft/ktV3*4 

angle  of  slope,  deg 

fallback  slope  angle,  deg 

inclination  of  asymptotes  to  hyperbola  representing  apparent  crater 
profile,  deg 

unit  weight,  pcf 

maximum  unit  weight,  pcf 

minimum  unit  weight,  pcf 

original  or  preshot  unit  weight,  pcf 

angle  of  deposition,  deg 

angle  of  repose,  deg 

maximum  angle  of  repose,  deg 

minimum  angle  of  repose,  deg 

normal  stress,  psf  or  tons/sq  ft 

major  principal  stress,  psf  or  tons/sq  ft 

minor  principal  stress,  psf  or  tons/sq  ft 

shear  stress,  psf  or  tons/sq  ft 

maximum  shear  stress,  psf  or  tons/sq  ft 

ultimate  shear  stress,  psf  or  tons/sq  ft 

maximum  angle  of  internal  friction  or  inclination  of  strength 
envelope  based  on  maximum  shear  stresses,  deg 

maximum  angle  of  stress  obliquity,  deg 

■ultimate  angle  of  internal  friction  or  inclination  of  strength 
envelope  based  on  ultimate  shear  stresses,  deg 

angle  of  kinetic  sliding  friction,  deg 

angle  of  static  friction  against  sliding,  deg 


CONVERSION  FACTORS 9  BRITISH  TO  METRIC  UMTS  OF  MEASUREMENT 


British  units  of  measurement  used  in  this  report  can  be  converted  to  metric 
units  as  follows: 

Multiply  _ By  _ _ To  Obtain _ 


inches 

feet 

square  feet 
cubic  feet 
pounds 
tons 

pounds  per  square  foot 
pounds  per  cubic  foot 
foot-pounds 
feet  per  second 


25.4 

0.3048 

0.92903 

0.0283168 

0.45359237 

907.185 

4.88243 

16.0185 

0.138255 

0.3048 


millimeters 

meters 

square  meters 
cubic  meters 
kilograms 
kilograms 

kilograms  per  square  meter 
kilograms  per  cubic  meter 
met  e  r- kilog  rams 
meters  per  second 
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SIMMARY 


The  purpose  of  the  study  of  engineering  properties  of  nuclear  craters 
is  to  identify  and  describe  the  physical  properties  that  ■will  control  the 
use  of  a  nuclear  crater  for  engineering  purposes.  One  of  the  prime  con¬ 
siderations  in  the  engineering  use  of  a  nuclear  crater  is  the  stability  of 
the  crater  slopes.  The  late  time  mechanism  of  explosion  crater  formation 
is  a  deposition  phenomenon. 

The  inclination  of  a  slope  formed  by  deposition  of  cohesionless  mate¬ 
rial  is  termed  the  angle  of  deposition.  The  angle  of  repose  is  defined  in 
this  report  as  the  maximum  possible  inclination  of  a  slope  of  cohesionless 
material.  This  definition  differs  from  some  common  definitions  of  angle 
of  repose.  The  factor  of  safety  of  a  slope  formed  by  deposition  is  defined 
as  the  ratio  of  the  tangent  of  the  angle  of  repose  to  the  tangent  of  the 
angle  of  deposition.  Variations  are  recognized  in  the  angle  of  deposition 
with  the  manner  of  deposition,  and  in  the  angle  of  repose  with  varying 
relative  density  and  particle  orientation. 

Such  factors  as  particle  size,  shape,  and  angularity,  structure  of 
particle  aggregations,  manner  of  deposition,  and  geometry  of  slopes  are 
discussed  with  regard  to  their  relative  influence  on  each  of  the  aforemen¬ 
tioned  angles.  A  few  simple  analytical  relations  are  given  to  aid  in 
understanding  the  behavior  of  particles  during  deposition  and  their  sta¬ 
bility  on  an  inclined  surface.  Empirical  data  from  laboratory  tests, 
stockpiles,  rock- fill  dams,  natural  slopes,  explosion-produced  craters,  etc., 
are  presented  and  compared. 

It  is  concluded  that  angles  of  deposition  for  cohesionless  rock  and 
soil  materials  vary  between  22  and  42  deg,  and  generally  lie  between  34  and 
37  deg  for  angular  particles,  whereas  angles  of  repose  range  between  27  and 
47  deg,  and  generally  lie  between  37  and  47  deg  for  angular  particles.  The 
initial  factor  of  safety  of  a  slope  formed  by  deposition  will  probably  ex¬ 
ceed  1.1  but  will  be  no  more  than  1.5  in  most  cases. 
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ENGINEERING  PROPERTIES  OF  NUCLEAR  CRATERS 


THE  FORMATION  AND  INITIAL  STABILITY  OF 
SLOPES  ON  COHESIONLESS  MATERIALS 

PART  I:  INTRODUCTION 
Purpose  and  Scope  of  Study 

1*  The  broad  objective  of  the  study  of  engineering  properties  of 
nuclear  craters  is  to  identify,  describe,  and  assign  usable  engineering 
parameters  to  the  geologic  and  physical  properties  that  -will  control  the 
behavior  of  a  nuclear  crater  from  an  engineering  standpoint.  One  of  the 
most  important  factors  that  will  control  a  crater1  s  use  is  the  stability 
of  its  slopes.  The  fallback  and  ejecta  portions  of  a  crater  are  formed 
during  the  latter  portion  of  the  cratering  process  by  a  type  of  deposi- 
tional  phenomenon.  This  results  in  physical  characteristics  that  are 
generally  those  of  cohesionless  materials.  This  study  (a)  investigates 
the  process  of  the  formation  and  stability  of  slopes  on  cohesionless  mate¬ 
rials  in  general,  (b)  compares  the  information  developed  on  formation  and 
stability  of  slopes  on  cohesionless  materials  in  general,  and  (c)  compares 
the  information  developed  on  formation  and  stability  with  cratering  expe¬ 
rience  obtained  to  date  in  dry  material. 

Scope  of  Report 

2.  This  report  considers  only  the  first  purpose  of  the  overall  study; 
that  is,  the  inclination  and  stability  of  slopes  immediately  upon  formation. 
The  behavior  of  only  dry,  perfectly  cohesionless  materials  under  gravity 
forces  is  considered.  The  effect  of  environmental  factors  (groundwater, 
surface  waters,  seismic  accelerations,  settlement,  mechanical  or  chemical 
weathering,  etc.)  and  the  long-term  stability  of  slopes  on  cohesionless 
materials  are  beyond  the  scope  of  this  report. 

3.  Almost  all  of  the  information  reviewed  for  this  report  is  con¬ 
tained  in  published  literature.  The  information  reviewed  includes 
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empirical  data  and  hypotheses  regarding  the  angle  of  repose,  descriptions 
of  the  properties  of  cohesionless  materials,  and  measured  slope  dimensions 
of  rock-fill  dams,  taluses,  craters,  etc.  The  concepts  and  definitions 
being  followed  in  the  overall  study  were  established  in  this  report. 
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PART  II:  CONCEPTS  AND  DEFINITIONS  OF  SLOPES  AND  SLOPE  ANGLES 


k.  A  slope  is  an  unrestrained,  inclined  surface  of  a  mass  of  mate¬ 
rial.  The  slope  angle  is  that  angle  between  a  horizontal  plane  and  the 
slope  surface.  A  slope  failure  is  a  change  in  the  overall  inclination  of 
a  slope  due  to  movement  of  the  material  beneath  the  slope.  The  tendency 
toward  failure  may  be  described  in  terms  of  geometric  and  material  prop¬ 
erties.  For  the  infinite  slope  case  (that  is  a  slope  of  constant  inclina¬ 
tion  and  of  infinite  height)  the  only  geometric  parameter  is  the  slope 
angle.  The  significance  of  using  the  slope  angle  as  a  measure  of  the  tend 
ency  toward  failure  is  discussed  in  the  following  paragraphs  by  comparing 
the  concept  of  the  mode  of  failure  of  an  intact  cohesive  material  and  a 
cohesionless  material. 


Failures  of  Slopes 


Cohesive  materials 

5.  The  slope  of  a  mass  of  cohesive  material  such  as  moist  clay  will 
fail  when  the  shearing  stress  along  any  potential  surface  of  sliding  ex¬ 
ceeds  the  resistance  to  shearing  along  that  surface.  The  material  will 
slide  en  masse  upon  the  resulting  discontinuity,  as  illustrated  in  fig.  la. 


(a)  MODE  OF  FAILURE  VARIATION  IN  FACTOR  OF  SAFETY 

Fig.  1.  Failure  of  slope  on  cohesive  material 


Both  the  shearing  stress  and  the  shearing  resistance  for  any  possible  fail¬ 
ure  surface  depend  on  the  height  as  well  as  the  inclination  of  the  slope. 
The  ratio  of  average  shearing  resistance  to  average  shearing  stress  within 
a  material  is  called  the  factor  of  safety.  When  the  factor  of  safety 
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falls  below  unity,  the  slope  fails  by  shearing. 

6.  When  a  slope  of  given  height  in  a  relatively  homogeneous  and 
isotropic  cohesive  material  is  formed  too  steeply,  failure  occurs  along  a 
surface  that  is  curved  (essentially  circular)  in  section  and  passes  deeply 
within  the  material.  This  is  shown  in  fig.  lb  by  the  decrease  in  factor  of 
safety  with  increasing  depth  of  the  potential  failure  surface  beneath  the 
slope.  Thus,  even  a  slightly  excessive  slope  angle  will  cause  the  movement 
of  a  substantial  block  of  material  along  a  relatively  deep,  interior  slid¬ 
ing  surface. 

Cohesionless  materials 

7.  A  mass  of  cohesionless  material  such  as  dry  sand  or  rock  frag¬ 
ments  will  not  fail  by  en  masse  sliding  of  material  along  a  deep-seated 
curved  surface  as  in  the  case  of  cohesive  material.  Rather ,  when  a  slope 
is  formed  at  too  large  an  angle  in  cohesionless  material,  the  slope  will 
recede  to  a  stable  inclination  by  a  series  of  progressive  slides  along 
plane  surfaces  slightly  beneath  the  slope,  as  shown  in  fig.  2a.  The  in¬ 
crease  in  factor  of  safety  with  decreasing  slope  angle  is  illustrated  in 
fig.  2b;  the  potential  surface  of  sliding  having  the  lowest  factor  of 
safety  is  coincident  with  the  slope.  Therefore,  the  controlling  shearing 
and  resisting  stresses  are  independent  of  the  height  of  the  slope,  being 
functions  solely  of  the  inclination. 


(a)  MODE  OF  FAILURE  (bj)  VARIATION  IN  FACTOR  OF  SAFETY 

Fig.  2.  Failure  of  low  slope  on  dry  cohesionless  material 

8.  Because  of  the  surficial  character  of  a  slope  failure  in  cohe¬ 
sionless  material  and  because  of  the  uncomplicated  and  time- independent 
shearing  resistance  of  such  a  material,  a  slope  of  cohesionless  material 
is  generally  considered  safe  for  many  engineering  purposes  even  if  the 
factor  of  safety  is  small. 
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9.  The  angle  of  repose  most  commonly  is  defined  as  the  angle 

(measured  from  the  horizontal)  of  the  steepest  slope  at  which  a  loose , 

12^4 

cohesionless  material  can  be  piled.  9  ’  ’  Such  a  definition  qualifies 
the  relative  density  of  the  material  (loose)  and  the  manner  of  forming  the 
slope  (piled),  and  implies  that  the  angle  of  repose  represents  the  angle  at 
which  a  mass  of  material  in  motion  will  come  to  rest. 

10.  In  this  study  a  new  definition  of  the  angle  of  repose  is  used 
which  recognizes  a  static  condition  at  which  surficial  movement  begins 
that  is  separate  and  distinct  from  a  kinetic  condition  at  which  surficial 

movement  ceases.  This  distinction  has  been  recognized  by  such  authors  as 

is  6 

Bustamante  and  Field.  On  the  other  hand,  Metcalf  concluded  that  a 

static  angle  of  repose  is  a  transient  phenomenon  that  can  generally  be 
destroyed  by  a  small  addition  of  energy.  For  purposes  of  this  study  the 
angle  of  repose  p  is  the  maximum  possible  inclination  of  a  slope  of  a 
given  mass  of  cohesionless  material.  This  slope  might  be  formed  by  exca¬ 
vating  into  the  material  or  through  the  steepening  of  an  existing  slope  by 
settlement  or  erosion.  In  the  laboratory  this  could  be  accomplished  by 
placing  the  material  in  a  shallow  box  or  pan  and  then  tilting  the  box  until 
surface  movement  begins.  The  range  over  which  this  angle  can  vary  for  any 
material  is  considered  in  the  following  paragraphs. 

11.  The  limiting  values  are  the  minimum  angle  of  repose  Pm^n  an^-  ^he 

maximum  angle  of  repose  p  corresponding  respectively  to  the  least 

max 

stable  and  the  most  stable  possible  arrangements  of  particles.  In  a  mass  of 
relatively  equidimensional  and  rounded  particles ,  the  variation  in  particle 
arrangement  would  correspond  to  the  variation  in  relative  density  ;  that 
is,  the  minimum  angle  of  repose  would  be  found  for  the  material  at  zero  rel¬ 
ative  density,  and  the  maximum  angle  of  repose  would  be  attained  by  the  mate¬ 
rial  at  100  percent  relative  density.  A  hypothesized  variation  of  angle  of 
repose  with  relative  density  is  shown  in  fig.  3  to  illustrate  the  relation. 

12.  When  the  particles  of  a  material  are  block-like  or  plate-like 
in  shape,  the  correlation  between  the  angle  of  repose  and  the  relative 
density  is  affected  by  the  particle  orientation  with  regard  to  the  slope 
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Fig.  3*  Hypothesized  relation 
between  angle  of  repose  and  re¬ 
lative  density 


and  the  interlocking  characteristics  of 
the  particles.  As  illustrated  in  fig.  4, 
a  particle  orientation  parallel  to  the 
slope  would  give  a  minimum  angle  of  repose 
and  an  orientation  perpendicular  to  the 
slope  would  give  a  maximum  angle. 

13.  Angles  of  repose  approaching 
the  minimum  and  maximum  values  can  be 
measured  by  laboratory  tests  in  which  the 
material  is  placed  in  extreme  conditions 
of  relative  density  and  particle  orienta¬ 
tion  before  the  mass  is  tilted.  Both 
limiting  values  would  represent  meaningful 


parameters  of  the  material  consistent  with  the  methods  used  to  obtain  the 

rj  8 

minimum  and  maximum  densities  of  a  cohesionless  material.  *  The  differ¬ 
ence  between  the  two  values  might  also  serve  as  an  index  of  the  properties 
of  the  material,  the  difference  being  small  for  uniform,  rounded  particles 
and  large  for  nonuniform  or  flat  particles. 


/ 

/ 


(a)  ORIENTATION  PARALLEL  TO  SLOPE  (b)  ORIENTATION  PERPENDICULAR  TO  SLOPE 

Fig.  4.  Effect  of  particle  orientation  on  angle  of  repose 

Angle  of  Deposition 


14.  When  a  slope  is  formed  by,  not  after,  the  deposition  of  material, 


6 


the  slope  angle  corresponds  to  the  kinetic  condition  at  which  surficial 
movement  ceases  and  is  defined  as  follows:  angle  of  deposition  5  is  the 
inclination  of  a  slope  formed  by  the  deposition  of  cohesionless  material. 
This  is  the  angle  of  the  slope  when  the  particles  stop  moving,  and  it 
applies  to  the  initial  slopes  of  deposits  such  as  taluses,  stockpiles, 
dumped  rock-fill  dams,  or  the  fallback  in  an  explosion -produced  crater. 

15.  A  slope  formed  by  dimaping  or  dropping  dry  cohesionless  material 
will  have  an  inclination  less  than  the  angle  of  repose  of  the  resulting 
deposit  and  will,  therefore,  have  against  the  resumption  of  movement  a  fac¬ 
tor  of  safety  greater  than  unity. 
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PART  III:  FACTORS  AFFECTING  SLOPE  ANGLES 


1 6.  The  initial  inclination  of  a  slope  formed  by  deposition  of  a 
cohesionless  material  depends  on  the  physical  characteristics  (size, 
shape,  etc.)  of  the  individual  particles  and  on  the  manner  of  placing  the 
material  on  the  slope.  The  subsequent  stability  of  the  slope  depends  on 
the  aggregate  characteristics  (relative  density,  orientation,  etc.)  of 
the  material  as  well  as  the  characteristics  of  the  individual  particles. 
These  different  types  of  factors  and  their  relative  influences  on  the 
slope  angle  are  discussed  in  the  following  paragraphs.  This  part  also 
discusses  slope  nomenclature  as  a  basis  for  usage  in  the  present  and  in 
future  reports. 

17.  Table  1  gives  the  several  factors  discussed  in  this  section  and 
the  estimated  relative  influence  of  these  factors  on  the  angles  of  dep¬ 
osition  and  repose.  The  influence  of  each  factor  is  indicated  by  the 
extent  to  which  the  slope  angle  would  be  increased  or  decreased  by  a 
change  in  the  factor. 

Characteristics  of  Individual  Particles 


Size 

l8.  The  size  of  the  particles  is  often  considered  to  be  the  pre¬ 
dominant  factor  affecting  the  angle  of  repose.  Perhaps  this  emphasis 
reflects  the  ease  with  which  size  can  be  measured  and  expressed,  whereas 
such  factors  as  shape  and  angularity  cannot  be  as  readily  given  in  numer- 

1  4  9  10 

ical  terms.  Authors  of  most  published  works  ’  ’’  imply,  or  explicitly 
state,  that  the  angle  of  repose  or  the  angle  of  deposition  increases  with 

4 

increasing  size  of  the  particles.  Other  investigators  take  the  contrary 
view  that  the  angle  of  repose  is  inversely  related  to  particle  size,  and  a 
few^’^,‘'"‘'"  claim  that  any  relation  between  particle  size  and  angle  of  repose 
is  insignificant.  Laboratory  shear  tests  of  cohesionless  materials  have 

12  13  14 

led  to  similar  disagreements;  some  investigators  ’  5  have  suggested 

that  the  angle  of  internal  friction  is  essentially  independent  of  parti- 
cle  size,  whereas  others  ’  have  indicated  an  increase  with  size, 
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Relative  Influence  of  Various  Factors  on  Angles  of  Deposition  and  Repose 
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*  Assuming  that  all  other  factors  remain  constant,  0  =  negligible,  S  =  slight,  M  =  moderate,  and  L  =  large  change  in  angle. 
**  Affects  the  angle  of  repose  as  it  affects  the  relative  density  and  particle  orientation  of  the  resulting  deposit, 
t  At  ratios  of  slant  height  to  average  particle  size  greater  than  about  100,  this  ratio  has  negligible  effect. 


and  still  others  have  shown  a  decrease. 

19.  Laboratory  tests  by  van  Burkalow,^  using  small  uniform  parti¬ 
cles  of  similar  character,  showed  a  slight  to  moderate  decrease  in  the 
angle  of  deposition  with  a  severalfold  increase  in  particle  size.  This 
relation  suggests  that  the  greater  kinetic  energy  of  larger  particles  is 
not  completely  offset  by  the  increased  energy  losses  resulting  from  the 
greater  surface  irregularities  associated  with  larger  particle  size. 

20.  The  confusion  regarding  the  effect  of  particle  size  may  stem 
from  (a)  failure  to  distinguish  between  an  angle  of  repose  and  an  angle 
of  deposition,  (b)  inability  to  isolate  the  effect  of  size  from  other 
influences,  and  (c)  trying  to  express  with  a  single  number  the  multitude 
of  different  particle  sizes  present  in  a  graded  material.  If  it  were 
possible  to  obtain  and  test  several  samples  of  uniformly  sized  particles, 
each  sample  being  of  a  different  particle  size  but  identical  in  all  other 
characteristics  (material,  particle  shape,  and  angularity,  etc.),  it  is 
believed  that  the  angle  of  repose  would  be  found  to  be  independent  of 
particle  size.  Such  an  investigation  would  require  that  each  sample  con¬ 
tain  the  same  number  of  particles  or,  in  more  meaningful  terms,  that 
enough  particles  be  involved  in  each  test  to  ensure  that  the  mass  would 
behave  as  a  continuous  body  rather  than  as  a  mechanism  of  interacting 
bodies.  Therefore,  in  view  of  the  contradictory  evidence  available  it  is 
suggested  as  a  working  hypothesis  that  particle  size  will  have  negligible 
influence  on  the  angle  of  repose. 

Shape 

21.  Probably  the  most  influential  characteristics  of  particles  are 
shape  and  angularity.  Shape  refers  to  the  relative  difference  in  dimen¬ 
sions  of  a  particle  measured  in  different  directions,  and  angularity 
refers  to  the  relative  sharpness  of  the  corners  and  edges  of  a  particle. 
Numerous  methods  for  measuring  and  numerically  expressing  these  proper¬ 
ties  have  been  advocated.1^20’21’22 ’23  For  the  present  purposes,  only 
the  common  qualitative  classifications  will  be  considered. 

24 

22.  The  shape  of  a  particle  might  be  classified  as  follows: 
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Class 


Description 


Bulky  Equidimensional,  chunky  >2/3  >2/3 
Elongated  Rod-like,  prolate  >2/3  <2/3 
Flat  Plate -like,  disk-shaped  <2/3  >2/3 
Bladed  Triaxial  <2/3  <2/3 


where  j0  is  the  length,  b  is  the  width  (or  breadth),  and  t  is  the 
thickness  of  the  particle  measured  along  mutually  perpendicular  axes, 
such  that  i  >  b  >  t  ,  as  shown  in  fig.  5*  The  width  b  is  essentially 
equal  to  the  particle  size  D  ,  whereas  &  and  t  are  the  maximum  and 
minimum  dimensions,  respectively,  of  the  particle.  Fig.  6  illustrates  the 


Fig.  5.  Dimensions  of  particle  Fig.  6.  Classes  of  particle  shape 


four  classes  of  particle  shape.  It  should  be  noted  that  for  many  civil 

25 

engineering  purposes  (concrete  aggregate,  J  slope  protection  against  wave 

26 

action,  etc.)  particles  are  classified  according  to  a  ratio  of  l/3-  To 
classify  a  mass  of  material,  the  percentage  of  the  particles  (preferably  by 
weight  rather  than  number  of  particles)  in  each  shape  class  is  often  used. 

23.  As  particles  become  less  bulky,  their  orientation  with  respect 
to  each  other  and  to  the  slope  becomes  more  significant.  In  general,  the 
less  bulky  the  particles,  the  smaller  the  minimum  angle  of  repose  and  the 
larger  the  maximum  angle  of  repose,  assuming  a  parallel  particle 
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orientation  in  each  case.  The  angle  of  deposition  will  be  increased  in 
most  cases  by  a  decrease  in  bulkiness,  since  such  particles  will  tend  to 
slide  rather  than  roll  when  in  motion.  This  behavior  is  dependent  on  the 
manner  of  deposition  and,  in  some  instances ,  on  the  mineral  composition  of 
the  material. 


Angularity 

24.  The  angularity  of  a  particle  can  be  expressed  in  terms  of  the 

degree  to  which  the  curvature  of  the  corners  and  edges  approaches  the 

maximum  curvature  possible.  Considering  the  projection  of  the  particle 

outline  in  each  of  the  three  principal,  mutually  perpendicular  planes,  the 

ratio  of  the  radius  r^  of  any  curved  surface  to  the  radius  r  of  the 

largest  circle  that  could  be  inscribed  in  the  same  plane  can  be  estimated, 

as  sho*wn  in  fig.  7*  It  should  be  noted  that  r  would  be  essentially 

equal  to  either  b/2  or  t/2  .  A 

rc<  particle  then  might  be  classified 

24 

as  follows: 


Class 

Angular 

Subangular 

Subrounded 

Rounded 


0  to  0.15 
0.15  to  0.25 
0.25  to  o.4o 
o.Uo  to  o.6o 


Well-rounded  0.60  to  1.00 

where  the  value  of  r  /r  is  the 

c' 

rCfl  average  of  all  curved  surfaces  (ex- 

r  eluding  reentrant  corners  and  values 

AVERAGE  —  =0.21 

class:  subangular  of  r^/r  greater  than  1.00)  in  the 

three  principal  planes.  Fig.  8 

Fig.  7*  Radii  of  curvature  of  ,  ,  ,,  _ 

illustrates  the  five  classes  of  par- 
particle  corners  * 

tide  angularity.  To  describe  a 

mass  of  material,  the  percentage  of  the  particles  (preferably  by  weight)  in 
each  class  of  angularity  might  be  used. 

25-  The  effect  of  a  decrease  in  angularity  is  a  marked  decrease  in 
both  the  angle  of  repose  and  the  angle  of  deposition  due  to  the  decrease 


Fig.  7*  Radii  of  curvature  of 
particle  corners 
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of  particle  interlocking  and  increased 
freedom  to  roll.  Particles  of  blasted 
rock  will  generally  be  angular,  or  at 
least  subangular,  even  when  thrown  for 
long  distances  through  the  air.  The 
impact  of  a  freshly  broken  particle  may 
split  the  particle  but  probably  would 
not  decrease  its  angularity.  However, 
further  movement  (bouncing  or  rolling) 
or  interaction  among  particles  after  im¬ 
pact  could  reduce  its  angularity. 

Surface  texture 

2 6.  The  surface  texture  of  a 

particle  might  be  classified  as  rough 

or  smooth  solely  on  visual  evaluation, 

but  few  bases  are  available  for  a  more 

21 

detailed  classification.  The  fine 

surface  irregularities  of  small  par- 

13 

tides  have  been  indexed  by  the 
absorption  of  kerosene  on  these  surfaces.  Despite  the  difficulties  of  ex¬ 
pressing  surface  texture,  this  property  strongly  affects  the  coefficient 
of  friction  between  particles,  and  both  the  angles  of  repose  and  of  dep¬ 
osition  will  decrease  as  the  particles  become  smoother.  This  effect  is 

27 

shown  clearly  by  the  results  of  laboratory  tests  by  Morris .  ‘ 

Specific  gravity 

27.  The  specific  gravity  G  of  a  particle  is  the  ratio  of  the 
weight  of  the  particle  to  the  weight  of  an  equal  volume  of  water;  it  rep¬ 
resents  the  unit  weight  of  the  material  constituting  the  particle.  The 

specific  gravity  of  solids  G  considers  only  the  solid  mineral  constit- 

s 

uents  of  each  particle.  For  material  that  may  contain  internal  voids, 

7 

the  bulk  specific  gravity  Gm  may  be  preferred.  This  is  determined  by 
considering  each  particle  to  be  internally  homogeneous,  thus  averaging  the 
weight  of  the  solid  constituents  with  that  of  the  internal  voids. 

28.  Model  tests  by  van  Burkalow^  showed  a  slight  decrease  (l  to 
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Fig.  8.  Examples  of  classes  of 
particle  angularity 
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2  deg)  in  angle  of  deposition  with  an  increase  in  specific  gravity  of 

250  percent.  This  effect  is  relatively  minor  compared  to  other  factors , 

especially  since  the  variation  in  specific  gravity  among  most  common 

rocks  is  not  large  (e.g.  2.3  to  2.9,  or  about  25  percent  variation).  Simons 

28 

and  Lane  found  that  small-scale  tests  indicated  no  change  in  angle  of 
deposition  when  the  slope  was  completely  submerged  in  water  (equivalent  to 
a  decrease  in  specific  gravity  of  about  40  percent) .  It  is  suggested, 
therefore,  that  the  angles  of  repose  and  deposition  will  decrease  but 
slightly,  if  at  all,  with  increasing  specific  gravity  of  the  particles. 

Other  characteristics 

29.  Mineral  composition,  hardness,  soundness,  and  absorption  of  par¬ 
ticles  are  indexes  of  the  durability  and  weatherability  of  slopes.  As  these 
properties  affect  primarily  the  long-term  stability  of  slopes,  they  will 
not  be  considered  in  this  report. 

Gradation 

30.  A  uniform  material  contains  particles  of  various  sizes.  The 
results  of  gradation  analyses  are  presented  by  plotting  the  percentage  of 
material  finer  than  each  sieve  against  the  logarithm  of  the  sieve  opening, 
as  shown  in  fig.  9*  The  particle  size  corresponding  to  a  given  percentage 


PARTICLE  SIZE,  IN. 


Fig.  9*  Method  of  plotting  particle-size  (gradation)  analysis 


of  the  material  can  he  found  from  the  gradation  curve,  and  several  size 
percentages  are  considered  meaningful.  The  average  particle  size  Davg 
(or  Dj-q)  is  the  only  value  reported  in  some  studies  of  cohesionless  mate¬ 
rials,  though  the  gradation  of  the  material  cannot  he  defined  hy  a  single 
number,  as  illustrated  in  fig.  10.  The  effective  particle  size  was 
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Fig.  10.  Variation  in  gradations  of  materials  having  same 

average  particle  size 

2Q 

initially  selected  as  an  index  of  the  permeability  of  filter  sands,  as 
was  the  coefficient  of  uniformity  defined. as 


u  D 


60 

10 


A  complementary  ratio  is  the  coefficient  of  curvature  Cc  defined  as 


c  -  (D30)2 

■ '  ( V 


31.  A  material  can  be  classed  roughly  as  either  uniform  (poorly 
graded)  when  relatively  few  different  particle  sizes  are  present,  or 
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graded  when  the  material  contains  a  wide  range  of  different  particle  sizes. 
Graded  materials ,  in  turn,  can  be  subdivided  into  well-graded  when  the 
material  contains  a  wide  variety  of  intermediate  particle  sizes,  and  skip- 
graded  or  gap-graded  (also  poorly  graded)  when  there  is  a  deficiency  of 
intermediate  particle  sizes.  More  specific  criteria  for  well-graded  mate¬ 
rials  require  that  (a)  the  coefficient  of  curvature  lie  between  1  and  3, 
and  (b)  the  coefficient  of  uniformity  be  greater  than  6  for  sands  (0.003  to 

o 

0.2  in.*)  and  greater  than  4  for  gravels  (0.2  to  3  in.).  Gradation  curves 
for  several  materials  are  shown  in  fig.  11. 
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PARTICLE  SIZE,  IN. 


CURVE 

MATERIAL 

D50 

Dioo 

Deo 

D30 

Djo 

Cu 

Cc 

A 

EJECTA  OF  DANNY  BOY  CRATER30 

1  5 

72 

20 

5.5 

0.58 

35 

2.6 

B 

ROCKFILL  OF  DERBENDI  KHAN  DAM31 

4.3 

36 

6.2 

1.7 

0.24 

26 

1.9 

C 

FALLBACK  OF  PRE-SCHOONER  II  CRATER32 

0.63 

75 

1.2 

0.  15 

0.020 

60 

0.90 

D 

CRUSHED  LIMESTONE  AGGREGATE26 

1.0 

2.0 

1. 1 

0.90 

0.78 

1.4 

0.94 

E 

FALLBACK  OF  SEDAN  CRATER33 

0.025 

3.0 

0.070 

0.010 

0.002 

35 

0.71 

F 

SAND  OF  PROJECT  ZULU  II 34 

0.028 

0.  19 

0.042 

0.015 

0.0077 

5.5 

0.70 

G 

DUNE  SAND  OF  LIBYAN  DESERT35 

0.0085 

0.023 

0.0090 

0.0076 

0.0064 

1.4 

1.0 

Fig.  11.  Examples  of  gradation  curves 


32.  Widening  the  range  of  particle  sizes  in  a  material  results  in 
an  increase  in  unit  weight  and  number  of  particle-to-particle  contacts  in 
the  material  and,  therefore,  a  larger  angle  of  repose.  As  the  average 


*  A  table  of  factors  for  converting  British  units  of  measurement  to 
metric  units  is  presented  on  page  xiii. 
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particle  size  of  a  material  increases,  the  range  of  particle  sizes  will 
widen  as  a  rule,  encouraging  the  presumption  of  a  direct  relation  between 
average  particle  size  and  angle  of  repose.  However,  the  most  stable  and 
dense  arrangement  results  when  the  larger  particles  are  in  contact  with 
one  another  and  the  smaller  particles  occupy  the  voids  among  the  larger 
particles.  If  the  smaller  particles  separated  the  larger  ones  at  the  points 
of  contact,  a  less  stable  arrangement  would  exist,  and  the  angle  of  repose 
would  be  smaller.  This  latter  condition  may  develop  in  certain  skip- 
graded  materials  or  when  the  materials  contain  large  proportions  of  fine 
particle  sizes . 

33*  The  effect  of  gradation  on  the  angle  of  deposition  may  depend 
on  the  manner  of  deposition  and  the  degree  of  segregation  of  particle 
sizes  that  may  occur  over  the  length  of  the  slope.  As  each  increment  of 
the  material  being  deposited  moves  down  the  slope,  the  larger  particles 
can  ride  over  the  smaller  particles  and  not  be  arrested  until  they  reach 
even  larger  particles  near  the  bottom  of  the  slope.  The  smaller -than  - 
average  particles  will  be  caught  in  interstices  at  the  upper  portion  of 
the  slope.  This  natural  sorting  of  particle  sizes,  which  is  a  function  of 
the  height  of  the  slope  and  the  manner  of  deposition,  will  tend  to  produce 
a  concave  slope.  With  widening  gradation,  the  difference  in  inclination 
between  the  upper  and  lower  portions  of  the  slope  should  increase,  and  the 
average  surface  of  the  slope  should  become  smoother  as  the  smaller  parti¬ 
cles  chink  the  spaces  among  the  larger  ones.  Since  these  effects  would 
tend  to  increase  the  velocity  of  particles  moving  on  the  upper  portion  of 
the  slope,  it  is  believed  that  the  angle  of  deposition  will  decrease  as 
gradation  widens,  whereas  it  was  previously  stated  that  the  angle  of  repose 
will  increase  with  widening  gradation.  This  inference  is  offered  only  as 
a  working  hypothesis . 

Characteristics  of  Aggregations  of  Particles 
Relative  density 

34.  The  most  important  aggregate  characteristic  of  a  material  is 
its  structure,  or  interparticle  geometry.  Under  static  conditions  (as 
would  apply  to  the  angle  of  repose),  structure  may  be  represented  in  part 
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by  the  closeness  with  which  the  particles  fit  against  one  another  and  the 

29 

space  between  them.  This  fitting  or  denseness  can  be  described  by: 

(a)  void  ratio  e  ,  which  is  the  ratio  of  the  volume  of  void  space  among 
the  particles  to  the  volume  of  the  particles  or  solids;  (b)  porosity  n  , 
which  is  the  ratio  (usually  expressed  as  a  percentage)  of  the  volume  of 
voids  to  the  total  volume  (voids  plus  solids)  of  the  material;  and  (c)  unit 
weight  y  ,  which  is  the  weight  of  the  material  per  unit  of  total  volume . 
One  other  parameter  closely  related  to  the  denseness  of  a  material  is  the 
bulking  factor  BF  ,  which  is  used  to  describe  the  increase  in  volume  due 
to  disturbance  of  the  material,  and  particularly  the  increase  in  volume  of 
the  fallback  and  ejecta  material  of  an  explosion-formed  crater  over  the 
volume  of  this  material  before  the  explosion.  The  bulking  factor  is  de¬ 
fined  as  the  ratio  of  the  original  or  preshot  unit  weight  7Q  to  the 
resulting  postshot  unit  weight  7  ,  or 


BF 


7o  _  1  +  e 
7  ~  1  +  e 

o 


100  -  n 

o 

100  -  n 


where  the  subscript  o  indicates ,  in  each  case,  the  original  condition. 
Postshot  void  ratio  can  be  computed  as 


e=(l+e)EF-l 
v  o 

and  porosity  as 

100  -  n 

o 


or,  if  the  material  disturbed  was  originally  a  tightly  jointed  rock,  so 
that 


e  ~  n  ~  o 
o  o 


then 


e  ~  BF  -  1 


18 


and 


n 


X  100 


35.  However,  none  of  the  above  parameters  can,  by  itself,  indicate 

whether  an  aggregation  of  particles  is  in  a  loose  or  a  dense  condition. 

Rather,  this  determination  must  be  expressed  in  terms  of  the  range  of 

possible  density,  that  is,  as  a  relative  density.  The  relative  density 
29 

D.,  is  defined  as 
d 


D 


d 


e  -  e 
max 


e  -  e  . 

max  mm 


X  100 


where  e  is  the  void  ratio  of  the  material  in  the  loosest  state  and 
max 

e  the  void  ratio  of  the  material  in  the  densest  state  that  can  be 
min  rj 

attained  by  specified  laboratory  procedures.  However,  it  is  usually  more 
convenient  to  compute  the  relative  density  as 


7  (7  -  7  .  ) 

_  7  max  mm7  w 

Dd  7  (7  -7  n  X  100 

'  \  rvrr  '  W  -|  / 


max 


mm 


where  7W^  and  7 are,  as  above,  the  unit  weights  corresponding  to 
mm  max 

the  loosest  and  densest  states,  respectively.  Thus,  the  relative  density 
is  zero  percent  when  the  material  is  as  loose  as  possible  and  100  percent 
when  it  is  as  dense  as  possible.  The  angle  of  repose  will  generally  in¬ 
crease  with  increasing  relative  density. 

Particle  orientation 

36.  The  orientation  of  one  particle  to  another  (extent  of  preferred 

orientation)  and  the  orientation  with  respect  to  the  slope  (direction  of 

preferred  orientation)  affect  the  angle  of  repose .  A  numerical  description 

of  particle  orientation  requires  a  statistical  survey  not  unlike  the  survey 

21 

of  joints  in  nondisarranged  rock  masses.  Such  a  survey  would  be  practi¬ 
cable  for  a  mass  of  cohesionless  material  since  a  knowledge  of  the  orien¬ 
tation  of  only  those  particles  at  or  near  the  surface  is  required.  The 
effect  on  the  angle  of  repose  of  an  increasing  extent  of  preferred  orien¬ 
tation  depends  on  the  direction  of  preferred  orientation.  An  alignment 


19 


of  flat  or  elongated  particles  parallel  to  the  slope  generally  decreases 
the  angle  of  repose  whereas  an  alignment  perpendicular  to  the  slope  in¬ 
creases  this  angle,  as  illustrated  in  fig.  4.  The  extent  of  preferred 

orientation  increases  with  increasing 
relative  density.  Thus,  if  the  di¬ 
rection  of  preferred  orientation  is 
unfavorable,  an  increase  in  relative 
(a>  feeding  calling  density  results  in  a  decrease  in  the 

angle  of  repose. 

Manner  of  deposition 

37*  In  order  to  describe  a  man¬ 
ner  of  deposition,  the  initial  velocity 
of  the  material,  the  direction  of  move¬ 
ment  relative  to  the  slope,  and  the  rate 
of  deposition  must  be  considered.  The 
rate  of  deposition  is  defined  as  the 
quantity  of  material  reaching  the  slope 
during  a  given  time.  Four  methods  of  deposition,  shewn  in  fig.  12,  illus¬ 
trate  the  effects  of  these  interrelated  factors. 


(d)  DUMPING 


Fig.  12.  Elemental  methods 
of  deposition 


£•  Feeding.  The  material  is  either  placed  at  the  top  of  a 
slope  or  is  dislodged  from  the  surface  so  the  particles 
trickle  or  spill  down  the  slope  at  a  low  rate  ( for  example  , 
the  construction  of  dumped  rock-fill  dams  by  truck  haul). 

b .  Falling .  The  material  is  allowed  to  fall  freely  onto  a 
slope  at  a  low  rate  (for  example ,.  stockpiling  by  means  of 
conveyor  belts,  talus  slope  development). 

£•  Slumping.  A  mass  of  material  on  a  slope  is  set  in  motion 
either  by  removing  lateral  support  from  the  mass  or  by 
tilting  the  slope  so  the  material  slides  or  spills  down 
the  slope  at  a  high  rate  (for  example,  undercutting  a 
stockpile  or  a  riverbank,  emptying  a  dump  truck  of  small 
particles,  many  laboratory  model  tests  of  slopes  of 
cohesionless  materials). 

d.  Dumping .  A  mass  of  material  is  dropped  onto  a  slope  at  a 
high  rate  (for  example,  filling  a  truck  from  a  hopper). 

38.  These  methods  and  inferred  characteristics  of  the  material 
after  deposition  are  described  in  table  2  in  order  of  decreasing  density 
of  the  deposited  material.  The  methods  are  basic  manners  of  deposition, 
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Description  of  Elemental  Methods  of  Deposition 


Relative  to  slope. 


and  actual  cases  may  be  more  complex  and  involve  features  of  more  than  one 
method.  The  main  basis  for  inferring  the  characteristics  of  the  material 
after  deposition  is  that  particles  moving  separately  are  free  to  roll  or 
even  bounce  whereas  those  moving  as  masses  are  constrained  to  a  predominantly 
sliding  mode  of  movement.  Thus,  at  a  low  rate  of  deposition,  particles  will 
tend  to  segregate  down  the  slope  according  to  size  and  will  be  free  to 
assume  a  preferred  orientation  parallel  to  the  slope.  Particles  moving 
individually  will  seek  positions  of  rest  giving  greater  density  and  sta¬ 
bility  to  the  deposited  material  than  would  be  in  the  case  when  inter- 

£ 

particle  interference  restricted  their  movement.  Finally,  the  higher  the 
initial  vertical  velocity,  the  larger  will  be  the  dynamic  compaction  ef¬ 
fort  and,  therefore,  the  greater  will  be  the  density,  though  this  effect 
is  not  as  strong  as  that  of  the  rate  of  deposition. 

39-  The  shape  of  the  particles  influences  these  effects  and  plays 
a  major  role  in  the  mechanics  of  deposition.  The  effect  of  particle  shape 
can  be  illustrated  by  considering  only  two  shapes,  bulky  and  nonbulky,  as 
representing  particles  that  would  tend  to  roll  and  those  that  would  tend 
to  slide,  respectively,  during  deposition.  When  particles  have  the  shape 
and  freedom  to  permit  rolling,  the  angle  of  deposition  will  be  decreased. 

The  tendency  to  roll  will  be  increased  by  an  increased  initial  velocity  of 
each  particle.  However,  a  high  rate  of  deposition  will  cause  the  particles 
to  come  to  rest  more  quickly,  thus  increasing  the  angle  of  deposition. 
Therefore,  the  angle  of  deposition  of  bulky  particles  will  be  increased  by 
higher  rates  or  lower  initial  velocities.  Since  particle  orientation  is 
of  minor  importance  for  bulky  particles,  the  angle  of  repose  is  directly 
related  to  the  density  of  the  deposited  material.  High  rates  of  deposition 
or  lower  initial  velocities  would  result. in  lower  densities  and,  hence, 
in  smaller  angles  of  repose.  These  inverse  relations  are  summarized  as 
follows : 


Bulky  Particles 


Method  of 
Deposition 

Falling 

Feeding 


Angle  of 
Deposition 

Smallest 

Small 

( Continued) 


Angle  of 
Repose 

Largest 

Large 


22 


40.  In  the  case  of  noribulky  particles,  the  extent  of  particle  ori¬ 
entation  parallel  with  the  slope  would  be  greater  with  lower  initial  ve¬ 
locities  or  lower  rates  of  deposition,  resulting  in  a  smaller  angle  of 
deposition.  The  angle  of  repose  in  this  case  would  be  affected  by  parti¬ 
cle  orientation  in  the  same  manner  as  the  angle  of  deposition,  and  the  two 
angles  would  be  directly  related,  as  shown  in  the  following  tabulation: 


4l.  From  the  relation  between  the  manner  of  deposition  and  the 


structure  of  the  resulting  deposit 
(fig.  13)5  the  following  tentative 
conclusions  can  be  drawn.  First, 
it  appears  that  the  rate  of  depo¬ 
sition  should  have  a  greater  effect 
on  both  the  angle  of  deposition  and 
the  angle  of  repose  than  the  ini¬ 
tial  velocity  of  the  material.  How¬ 
ever,  this  conclusion  assumes  that 
the  material  does  not  have  a  high 
initial  horizontal  velocity  compo¬ 
nent.  Second,  it  is  believed  that 
increasing  the  rate  of  deposition 
will  increase  both  the  angle  of 
deposition  and  the  angle  of  repose 


ANGLE  OF  REPOSE  p 


Fig.  13-  Hypothesized  relations 
between  angle  of  repose  and  angle 
of  deposition  for  various  rates 
of  deposition 
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for  nonbulky  (e.g.  flat)  particles.  On  the  other  hand,  for  bulky 
particles ,  the  angle  of  deposition  may  approach  the  angle  of  repose  as 
the  rate  increases ,  as  illustrated  schematically  in  fig.  13 . 

Water  content 

42.  The  final  characteristic  of  aggregations  of  particles  to  be 
mentioned  here  is  water  content  w  ,  which  is  defined  as  the  ratio  (usually 
expressed  as  a  percentage)  of  the  weight  of  water  in  a  mass  of  material  to 
the  weight  of  the  dry  particles.  Even  a  trace  of  moisture  (such  as  would 
be  expected  in  an  outdoor  stockpile  in  a  nonarid  climate)  can  strongly  in¬ 
crease  the  slope  angle  of  a  low  mass  of  fine  particles  (for  example ,  verti¬ 
cal  slopes  of  limited  height  can  be  cut  into  a  damp  sand).  The  effect  of 

a  small  amount  of  water  in  an  otherwise  cohesionless  material  is  to  give 
the  material  an  apparent  cohesion  by  forming  menisci  at  interparticle 
contacts  and  increasing  the  pressure  of  these  contacts  by  surface  tension, 
since  the  inclination  of  a  slope  on  a  material  having  some  cohesion  is  not 
independent  of  its  height,  the  tern  angle  of  repose  has  no  meaning  for  a 
damp  or  moist  mass  of  fine  particles.  Complete  submergence  of  a  slope  will 
eliminate  the  apparent  cohesion  as  will  the  complete  drying  of  the  material. 

Geometrical  Characteristics  of  Slopes 

Dimensions 

43.  Slopes  are  generally  described  in  a  two-dimensional  cross 
section  by  a  slope  height  H 
measured  vertically  from  the 
crest  to  the  toe  and  a  slope 
angle  P  measured  from  the 
horizontal  to  the  line  con¬ 
necting  the  crest  and  the  toe, 
as  shown  in  fig.  l4.  The 
slant  height  S  of  the  slope 
is  the  length  of  the  line  con¬ 
necting  the  crest  and  the  toe, 
and  is  computed  as 


Fig.  l4.  Dimensions  of  slope  linear 
in  plan 


24 


s  =  ^- 

sin  p 


The  slope  length  L  is  the  horizontal  extent  of  the  slope  measured  per¬ 
pendicularly  to  the  cross  section.  To  consider  a  slope  stability  problem 
in  a  two-dimensional  analysis ,  L  should  be  at  least  equal  to  2S  .  The 
inclination  of  a  slope ,  expressed  as  the  angle  P  in  degrees,  is  termed 
the  slope  angle  for  the  purposes  of  this  study. 

44.  To  obtain  a  valid  measure  of  either  the  angle  of  repose  or  the 
angle  of  deposition,  the  slant  height  must  be  sufficiently  great  to  permit 
a  large  number  of  particles  to  lie  along  the  slope  at  any  cross  section; 
too  small  a  slope  height  should  increase  the  slope  angle.  A  ratio  of 
slant  height  to  average  particle  size  of  at  least  100  is  recommended. 
Curvature  in  plan 

45.  When  a  slope  is  curved  in  plan,  as  shown  in  fig.  15,  the  slope 


Fig.  15.  Dimensions  of  slope  curved  in  plan 
radius  R  is  measured  in  a  horizontal  plane  at  the  level  of  maximum  ra¬ 
dius,  that  is,  at  the  toe  of  a  slope  convex  in  plan  and  at  the  crest  of 
a  slope  concave  in  plan.  An  index  relating  the  radius  to  the  height  of  the 
slope  is  the  curvature  factor  J  ,  defined  as 
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for  the  case  of  a  vertical  slope,  that  is,  for  a  right  circular  cylinder, 
and  a  lower  limit  of 


S  sin  arctan  2 
K  -K 


for  a  right  circular  cone.  For  a  typical  slope  on  a  cohesionless  material 
(e.g.  0  about  37  deg),  the  maximum  height-to-radius  ratio  possible  would 

be  about  0.8  for  a  completely  conical  slope,  so  the  curvature  factor  would 
never  exceed  l/2.  By  giving  an  algebraic  sign  to  the  slope  radius,  as 
shown  in  fig.  15,  the  curvature  factor  becomes  positive  for  a  slope  concave 
in  plan  and  negative  for  a  slope  convex  in  plan.  When  the  radius  of  a 
slope  is  more  than  about  three  times  the  height  (or  when  J  is  less  than 
l/6  for  a  slope  on  cohesionless  material),  the  slope  can  be  considered 
linear  for  most  practical  purposes . 

46.  It  would  appear  logical  for  the  angle  of  repose  to  be  larger  for 
a  concave  slope  in  plan  and  to  be  smaller  for  a  convex  slope,  as  shown  in 
fig.  15,  due  to  the  horizontal  arching  effect  that  would  give  more  lateral 
support  to  each  particle  in  a  concave  curvature  and  less  to  each  particle 
in  a  convex  one.  Similarly,  the  angle  of  deposition  might  be  larger  for 
a  concave  slope,  since  the  downwardly  convergent  fall  lines  (or  lines  of 
maximum  inclination  on  the  slope)  would  indicate  an  interparticle  wedging 

4 

that  would  aid  in  arresting  the  movement.  A  few  tests  by  van  Burkalow 
showed  that  the  angle  of  depositon  is  slightly  larger  for  a  concave  slope 
and  smaller  for  a  convex  slope  than  that  measured  from  a  linear  slope  iden¬ 
tical  in  all  other  respects.  However,  a  contrary  relation  might  be 
observed  in  slopes  having  large  curvature  factors  and  relatively  large 
central  angles,  where  the  deposited  material  converging  down  a  concave 
slope  would  overfeed  the  lower  portion  of  the  slope  and  produce  a  small 
angle  of  deposition.  In  the  case  of  a  convex  slope  the  material  would 
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diverge  and  approach  the  angle  of  deposition  for  a  linear  slope, 

47.  The  effect  of  curvature  in  plan  may  he  especially  pertinent  to 
the  difference  between  the  shape  of  cross  sections  through  craters  pro¬ 
duced  by  single  explosions  and  those  produced  by  linear  rows  of  several 
explosions.  The  slopes  of  single  craters  are  less  plane  in  section  than 
those  of  row  craters  of  the  same  depth,  and  are  much  more  rounded  at  the 
bottom.  The  steeper  upper  portion  of  a  single  crater  may  be  due,  in  part, 
to  the  horizontal  arching  or  wedging  effect  resulting  from  the  concave 
areal  curvature,  and  the  convergence  of  fallback  material  during  deposi¬ 
tion  in  a  single  crater  causes  the  flattening  (rounding)  of  the  lower 
portion. 

Curvature  in  section 

48.  It  is  generally  assumed  in  this  report  that  slopes  are  planar 

in  section  and  can,  thus,  be  considered  to  have  a  single  slope  angle.  This 
assumption  is  satisfactory  in  most  cases  since  slopes  tend  to  form  on  cohe¬ 
sionless  materials  with  little  curvature  except  at  the  crest  and  toe.  In 
the  case  of  the  fallback  slope  in  an  explosion -produced  crater,  however, 
the  curvature  of  the  bottom  represents  a  significant  portion  of  the  ap¬ 
parent  crater  surface  and  is  important  in  the  evaluation  of  the  crater  for 
engineering  purposes.  Therefore,  a  description  of  this  curvature  is 

needed,  even  though  the  cur- 

%  crater  vature  is  not  a  factor  affect¬ 

ing  the  slope  angle. 

49 •  As  described  in 
fig.  16,  a  fallback  slope  is 
considered  to  have  an  inclina¬ 
tion  (3  and  to  intersect  the 
a 

preshot  ground  surface  at  a 

distance  R  from  the  center 
a 

line  of  the  crater.  The  depth 


Fig.  16.  Dimensions  of  hyperbolic  rep¬ 
resentation  of  apparent,  explosion- 
produced  crater  profile  below  preshot 
ground  surface 


of  the  apparent  crater  surface 
below  the  preshot  ground  sur¬ 
face  at  the  center  line  is  D 

a 

One  additional  dimension  is 
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required  to  describe  the  purvature:  Z  ,  which  is  the  vertical  distance 

8, 

between  the  bottom  of  the  apparent  crater  and  the  intersection  of  the 

center  line  with  an  extension  of  the  fallback  slope  at  a  constant  angle 

P  .  That  is, 
a 


Z  =  R  tan  B 
a  a  a 


50.  The  overall  shape  of  the  apparent  crater  surface  in  section  is 

often  assumed  (for  prediction  purposes)  to  be  parabolic.^  However,  de- 

4o 

tailed  analyses  by  Hughes,  Benfer,  and  Foster  of  the  average  cross  sec¬ 
tions  of  20  medium  to  large  craters  have  shown  that  a  hyperbolic  shape 
is  a  generally  more  satisfactory  assumption.  This  approximation  con¬ 
siders  a  hyperbola  passing  through  two  well-defined  points:  (a)  the 
center  line  of  the  crater  at  the  apparent  crater  depth  and  (b)  the  preshot 
ground  surface  at  the  apparent  crater  radius;  the  hyperbola  is  horizontal 
at  the  first  point  and  inclined  to  the  fallback  slope  angle  at  the  second 
point.  Thus,  the  profile  of  a  crater  can  be  computed,  with  the  expressions 
given  in  fig.  1 6,  from  the  values  for  three  dimensions:  R  ,  D  ,  and  B 

51 •  Helpful  indexes  of  the  apparent  crater  profile  may  be  the  ratios 
D  /R  ,  which  is  termed  herein  the  profile  shape  ratio,  and  Z  /D  ,  which 

8.  a.  3/  8 

is  termed  the  profile  roundness  ratio.  The  values  for  D  and  R  are 

a  a 

measurable.  Z  9  which  is  the  vertical  distance  between  the  bottom  of 
a 

the  apparent  crater  and  the  intersection  of  the  center  line  with  an  exten¬ 
sion  of  the  fallback  slope  at  a  constant  angle,  P  ,  as  shown  in  fig.  16, 

a 

is  computed  as: 


Z  =  R  tan  (3 
a  a  a 


Fig.  17  illustrates  the  variation  in  apparent  crater  profile  with  varying 
shape  and  roundness  ratios. 

Inclination  of  base 

52.  In  the  foregoing  discussion  of  factors  affecting  slope  angles ? 
it  is  assumed  that  the  material  at  the  toe  of  a  slope  is  fully  supported 
against  horizontal  movement  and  that  the  material  moves  over  similar 
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Fig.  17.  Variation  in  apparent  crater 
profile  with  shape  and  roundness  ratios 

material  both  during  deposition  and  in  the  case  of  a  failure.  Although  this 
assumption  may  not  always  be  valid,  model  tests  5  have  indicated  that  the 
inclination  of  the  surface  supporting  a  deposit  of  cohesionless  material 
has  no  influence  on  the  angle  of  deposition.  Therefore,  it  is  assumed  in 
this  report  that  angles  of  deposition  and  repose  are  affected  only  by 
characteristics  of  the  deposited  material  and  are  independent  of  the  base 
on  which  it  is  deposited. 
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PART  IV:  CONSIDERATIONS  AFFECTING  FACTORS  OF  SAFETY 

53.  Surface  stability  of  cohesionless  media12 have  been  largely 
avoided  in  recent  theoretical  studies  because:  (a)  difficulties  have 
arisen  in  combining  the  concept  of  individual  particle  behavior,  which  in¬ 
volves  sliding,  rolling,  etc.,  with  that  of  mass  particle  behavior,  which 
involves  particle  interaction;  and  (b)  few  of  the  factors  affecting  a  slope 
angle  can  be  expressed  numerically.  The  stability  of  cohesionless  media 
can  be  described  in  terms  of  the  angle  of  static  friction,  the  angle  of 
sliding  friction,  the  angle  of  internal  friction,  the  angle  of  repose,  and 
the  angle  of  deposition.  The  following  discussion  considers  the  relation 
between  a  factor  of  safety  and  these  various  parameters. 


Stability  of  Particles  on  Slopes 

54.  When  a  particle  is  at  rest  on  a  plane  slope,  as  shown  in 
fig.  18a,  all  forces  acting  on  the  particle  are  in  balance  and  known 


t  =  w  sm 

- CENTER  OF 
GRAVITY 


<  <*s 
W  cos  y3 

(d)  PARTICLE  AT  REST;  BALANCED  FORCES 


N  =  W  cos  ft 


Fk«W  cos  y3  tan  tf/y 


X^T  =  W  sin  /3; 


w  COS  J3 

'x 


W  cos 


(b)  PARTICLE  IN  MOTION;  UNBALANCED  FORCES 


Fig.  18.  Forces  acting  on  particle 

This  state  of  equilibrium  can  be  upset  by  increasing  the  inclination  (3 
of  the  slope  until  the  particle  either  slides  or  overturns. 

55*  In  the  first  condition  (sliding),  the  tangential  forces  (forces 
parallel  to  the  slope)  become  unbalanced  and  the  particle  slides.  The 
particle  weight  W  can  be  resolved  into  two  components.  The  component 
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tangential  to  the  slope  is 


T  =  W  sin  P 


and  the  component  normal  to  the  slope  is 

N  =  ¥  cos  P 

The  maximum  value  that  can  be  attained  by  the  force  due  to  static  friction 

F  is 
s 

F  =  N  tan  =  W  cos  P  tan  t 
s  s  s 

where  Is  angle  of  static  friction  and  tan  \|r  is  the  coefficient 

of  static  friction.  Therefore,  the  particle  will  not  slide  so  long  as 

T  <  F 

s 

or,  expressing  these  forces  in  terms  of  particle  weight  and  rearranging 
terms,  as  long  as 


tan  (3  <  tan  \|r 

s 

the  factor  of  safety  FS  against  sliding  is 

tan  y 

ra-S5rr 

56.  The  second  condition  (overturning)  occurs  when  the  summation  of 
moments  about  the  center  of  gravity  of  the  particle  becomes  unbalanced.  As 
shown  in  fig.  19a,  a  particle  will  overturn  if  the  line  of  action  through 
the  center  of  gravity  is  to  the  left  of  the  pivot  point.  Assuming  that 
the  particle  is  a  rectangular  prism  with  rounded  corners,  the  particle  will 
not  overturn  so  long  as 
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SLOPE  ANGLE 


(a)  DIMENSIONS  OF  PARTICLE  ON  VERGE  OF  OVERTURNING 


W 


( b )  MAXIMUM  POSSIBLE  SLOPE  ANGLE  WITHOUT  PARTICLE  OVERTURNING 


b 


Fig.  19.  Stability  of  particle  on  slope  against  overturning 


I  p  < !  -  rc 

or,  rearranging  terms,  so  long  as 

tan  (3  <  - — 

t  r 

where  h/t  and  rjv  are  ratios  classifying  the  shape  and  angularity  of 
particles,  respectively.  Therefore,  it  is  possible  to  relate  the  maximum 
possible  slope  inclination  to  the  shape  and  angularity  of  this  idealized 
particle,  as  shown  in  fig.  19b,  with  regard  to  overturning,  not  sliding. 
Under  this  assumption,  the  factor  of  safety  against  overturning  is 


57 •  In  the  actual  case  of  a  cohesionless  material,  surface  parti¬ 
cles  are  supported  by  other  particles;  only  particles  much  larger  than 
average  could  be  considered  to  be  resting  on  a  plane.  One  approach  to 
analyzing  the  stability  of  interacting  particles  is  to  view  the  mass  as 
a  systematic  stacking  of  spheres.  Fig.  20  shows  two  slopes  for  each  of  a 
few  possible  stackings  of  uniformly  sized  spheres:  a  stable  ( steeper) 
slope  and  a  hyperstable  (flatter)  one.  The  hyperstable  slope  in  each  case 
has  one  less  sphere  in  each  higher  adjacent  layer  than  the  stable  slope. 
The  stable  slope  will  not  fail  until  it  is  tilted  up  to  an  angle  of  90  deg 
(even  for  frictionless  spheres,  assuming  the  basal  layer  to  be  fixed  in 
position),  and  no  particle  will  move  on  the  hyperstable  slope  until  the 
slope  angle  is  increased  to  90  deg  minus  the  difference  between  the  stable 

and  hyperstable  slope  angles.  Such  regular  stackings  were  considered  by 
1 

Bustamante  to  be  too  simplified  for  predicting  slope  angle,  but  helpful 
in  understanding  the  extensive,  progressive  surface  movements  he  observed 
on  the  slopes  of  his  models .  He  noted  that  if  any  single  particle  were 
disturbed  on  a  hyperstable  slope,  the  remainder  of  the  surface  particles 
would  not  be  affected,  but  the  disturbance  of  any  particle  on  the  steeper 
stable  slope  would  cause  movement  of  the  entire  surface  layer. 
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STABLE 

HYPERSTABLE 

SLOPE 

SLOPE 
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Co)  ORTHORHOMIC  STACKING  Cn-40  PERCENT) 


EmU 


_ RSVSV 


(b)  CUBIC  STACKING  (n=30  PERCENT) 


(c)  RHOMBIC  STACKING,  HIGH  STABILITY  (n  =26  PERCENT) 


■ 

mSEmi’ 


mum 


(d)  RHOMBIC  STACKING,  LOW  STABILITY  (n  =  26  PERCENT) 

Fig.  20.  Stable  and  hyper stable  slopes  formed  by  regular 
stacking  of  uniform  spheres 
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58.  The  study  of  systematic  stackings  (or  packings)  of  spheres ,  es- 

12 

pecially  as  randomness  in  sizes  and  stackings  is  introduced,  may  contri¬ 
bute  to  the  understanding  of  surficial  stability.  However,  much  progress 
is  needed  in  this  area  before  granular  systems  amenable  to  theoretical 
analysis  that  would  meaningfully  model  the  shape,  angularity,  and 
orientation  of  real  particles  of  fragmented  rock  can  be  conceived. 

Movement  of  Particles  on  Slopes 

Sliding 

59.  When  a  particle  is  sliding  with  nonuniform  velocity  on  a  plane 
slope,  as  shown  in  fig.  l8b,  the  tangential  forces  acting  on  the  particle 
are  not  balanced.  The  tangential  component  of  the  particle  weight  is,  as 
in  the  case  of  a  particle  at  rest, 

T  =  W  sin  P 

but  the  force  due  to  kinetic  friction  Fk  is  limited  to  a  maximum  of 

F^.  =  N  tan  \|r  =  W  cos  P  tan  ^ 

where  ^  is  the  angle  of  kinetic  sliding  friction  and  tan  ^  is  the 
coefficient  of  kinetic  sliding  friction.  Thus,  the  unbalanced  force  acting 
on  the  particle  is 

/  tan 

T  -  Fk  =  W  sin  P 
and  the  particle  will  slide  as  long  as 

tan  P  >  tan  \|r^ 

60.  If  the  particle  started  from  a  position  of  rest,  the  kinetic 
energy  E^.  after  the  particle  had  descended  the  slope  for  a  vertical  dis¬ 
tance  z  would  be 


35 


f  tan  \|r 

E,  =  Wz  (  1  -  t - 4 

k  \  tan  P 


which  is  the  product  of  the  unbalanced  force  acting  on  the  particle  and 

42 

the  distance  over  which  this  force  acts.  Since  the  total  energy  must 
remain  constant,  the  loss  of  potential  energy 


due  to  the  decrease  in  elevation  of  the  particle,  must  equal  the  sum  of 
the  gain  in  kinetic  energy  plus  the  energy  wasted  in  overcoming  friction, 
which  is 

tan  i| r 


that  is, 


Ef =  Wz  tsnr 


K  =  E  -  E 


Ca)  PATH  OF  PARTICLE 


LATERAL  DISTANCE 


(b)  KINETIC  ENERGY  OF  PARTICLE,  Ek=Wz  (j-  ^  ^ 


Ef 

Er 

LATERAL  DISTANCE 


Eig.  21.  Kinetic  energy  of  particle 
sliding  on  a  slope  of  constant  coef¬ 
ficient  of  sliding  friction 


The  particle  will  slide  as  long 
as 


K  >  0 
k 


or  as  long  as 

E  >  E  „ 

P  f 

6l.  In  fig.  21  are  shown: 
(a)  the  path  and  (b)  the  kinetic 

t  energy  of  a  particle  sliding 

Ui 

o  from  an  initial  position  of  rest 

U1 

*  on  a  slope  to  a  final  position 

*  of  rest.  Several  features  illus¬ 
trated  in  this  figure  are  help¬ 
ful  in  understanding  the  deposi¬ 
tion  of  particles.  If  the  angle 
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of  kinetic  sliding  friction  is  constant  over  the  length  of  the  slope,  the 
particle  will  move  as  long  as 


tan  P  >  tan  ^ 


where  tan  P  is  the  inclination  of  a  straight  line  from  the  position  of 
the  particle  at  any  time  to  its  initial  position  of  rest.  If  the  angle  of 
kinetic  sliding  friction  increases  with  distance  down  the  slope  (as  might 
be  the  case  where  coarser  particles  had  been  previously  deposited  near  the 
toe),  the  line  of  energy  lost  to  friction  would  curve  concave  downward, 
intersecting  the  potential  energy  line  earlier,  as  shown  in  fig.  22a. 

Such  an  increase  in  friction  with  distance  could  also  arrest  particles  in 
motion  on  a  slope  that  is  not  curved  in  section. 


62.  The  coefficient  of  static 


(a)  INCREASING  COEFFICIENT  OF  SLIDING  FRICTION 


friction  of  individual  particles  is 
always  greater  than  the  coefficient  of 
kinetic  sliding  friction,  or 

tan  ^  >  tan  % 
s  k 


which  suggests  that  the  factor  of 
safety  against  the  resumption  of  slid¬ 
ing  by  a  particle  that  has  come  to 
rest  might  be 

tan  ^ 

re-t5n£ 

63*  Several  investigators  have 
considered  the  relation  between  the 


(b)  CHANGING  FROM  SLIDING  TO  ROLLING 
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or 
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Fig.  22.  Variation  in  kinetic 
energy  due  to  change  in  coeffi¬ 
cient  of  sliding  friction 


angle  of  static  friction  developed  by  individual  particles  tending  to  slide 
against  each  other  and  the  angles  of  repose  and  deposition.  Laboratory 

4 

tests  by  van  Burkalow  were  performed  by  placing  1-  to  3-in.  particles  of 
traprock  on  an  inclined  planar  slab  of  the  same  material.  The  results 
showed  angles  of  static  friction  over  10  deg  smaller  than  the  angle  of 
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deposition  of  particles  of  the  same  material.  Similar  tests  by  Bustamante 

showed  that  the  angle  of  static  friction  between  individual  particles  is 

smaller  than  either  the  angle  of  repose  or  the  angle  of  deposition.  On 

iiq 

the  other  hand,  Koons  concluded  from  field  observations  that  the  angle 
of  static  friction  of  particles  on  bare  rock  surfaces  (averaging  35  deg) 
is  always  greater  than  the  slope  angle  of  the  talus  resting  on  such  sur¬ 
faces  (averaging  32  deg);  he  verified  the  angle  of  static  friction  by 
means  of  laboratory  tests. 

64.  A  direct  correlation  of  slope  angles  with  angles  of  sliding 
friction  was  proposed  by  Melton.  Prom  repeated  laboratory  tests  of 
individual  particles  on  an  inclined  slab  of  siliceous  mica  schist  he  found 
the  angles  of  static  and  kinetic  sliding  friction  to  average  about  34  and 
28  deg,  respectively.  From  numerous  measurements  of  debris -covered  non- 
colluvial  slopes  (the  source  of  the  particles  tested)  he  found  that  the 
maximum  inclination  of  such  slopes  is  about  3 6  deg,  whereas  28  deg  is  about 
the  minimum  inclination  of  a  slope  on  which  a  dropped  particle  will  roll. 
Based  on  these  data,  he  hypothesized  that  the  angle  of  repose  (the  maximum 
slope  angle)  is  equal  to  the  angle  of  static  friction,  and  the  angle  of 
deposition  (the  maximum  slope  angle  that  precludes  continued  particle 
movement)  is  equal  to  the  angle  of  kinetic  sliding  friction. 

65.  The  most  positive  correlation  of  slope  angles  to  angles  of 

g 

sliding  friction  was  made  by  Metcalf  on  the  basis  of  laboratory  tests . 

For  several  different  crushed  materials,  and  for  angles  ranging  from  30  to 
39  deg,  he  measured  angles  of  deposition,  which  he  found  to  be  in  close 
agreement  with  measured  angles  of  kinetic  sliding  friction.  His  explana¬ 
tion  for  this  correlation  is  that  the  movement  of  cohesionless  materials 
on  slopes  occurs  by  aggregation  rather  than  by  individual  particles.  The 
movement  of  a  mass  of  material  will  induce  along  the  surface  of  movement 
a  characteristic  packing  of  the  particles  that  allows  sliding  of  one 
particle  over  another  but  not  rolling.  Thus,  the  mass  of  material  moves 
as  if  it  were  a  single  particle  on  a  plane  surface . 

Rolling 

66.  If  a  particle  sliding  on  a  slope  overturns  and  moves  by  rolling, 
the  gain  in  kinetic  energy  with  vertical  distance,  as  shown  in  fig.  22b, 
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will  increase  at  a  more  rapid  rate  since  the  energy  lost  to  rolling  fric¬ 
tion  (which  is  zero  for  an  incompressible  sphere  or  cylinder  on  a  plane 
surface)  would  be.  much  less  than  that  lost  to  sliding  friction.  A  single 
particle  dropped  on  a  slope  will  roll  unless  the  particle  is  exceptionally 
flat  or  b laded.  Ritchie,^  in  his  study  of  individually  falling  rock 
particles ,  found  that  particle  movement  changes  easily  from  rolling  to 
bouncing.  Although  particle  movements  of  this  type  are  of  concern  where 
loosening  of  individual  particles  from  a  slope  may  occur ,  the  movement  of 
an  aggregation  of  particles,  in  which  movement  is  constrained  and  con¬ 
fined  close  to  the  slope,  is  of  more  general  interest.  Particle  inter¬ 
action,  in  this  case,  will  resist  a  rolling -bouncing  mode  of  movement  and 
result  in  a  sliding -rolling  mode  of  movement.  Therefore,  the  rolling  of 
individual  particles  is  not  considered  pertinent  to  the  purpose  of  this 


report . 

Comparison  of  Slope  Angles  with 
Angles  of  Internal  Friction 

67.  When  a  mass  of  cohesionless 
material  is  confined  under  pressure 
for  a  direct  laboratory  test,  as  illus¬ 
trated  in  fig.  23a,  deformation  of  the 
mass  will  induce  shearing  stresses. 
Continued  deformation  will  cause  a 
surface  of  sliding  to  form  through  the 
mass  when  the  induced  shear  stress 


NORMAL  STRESS  S 


mm 


SHEAR  DEFORMATION 


along  that  surface  reaches  a  critical 
value,  as  shown  in  fig.  23b.  The  maxi¬ 
mum  shear  (or  tangential)  stress 
acting  on  the  sliding  surface  is 


=  a  tan  0 


s 

NORMAL  STRESS 


Fig.  23.  Relation  between  normal 
and  shear  stresses  in  direct 
shear  test 


where  a  is  the  normal  stress  acting 
on  the  surface,  0  is  the  angle  of 
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internal  friction,  and  tan  0  is  the  coefficient  of  internal  friction. 

The  relation  between  plotted  values  of  maximum  shear  stress  and  normal 
stress,  as  shown  in  fig.  23c,  is  termed  the  strength  envelope.  By  defini¬ 
tion,  a  cohesionless  material  has  a  straight-line  strength  envelope  that 
passes  through  the  origin;  that  is,  maximum  shear  stress  is  zero  when  nor¬ 
mal  stress  is  zero.  Unlike  the  angle  of  sliding  friction,  the  angle  of 
internal  friction  expresses  the  behavior  of  an  interacting  aggregation  of 

particles.  The  angle  of  internal  friction,  which  increases  with  increased 

12  13  l6  2 *7 

relative  density  of  the  aggregation  5  ’  and  with  increased  angular - 

13  j_6  27  45 

ity  and  surface  roughness  of  the  particles,  9  5  ?  'is  apparently  in¬ 

dependent  of  particle  size.^5*^^ 

68.  After  the  surface  of  sliding  has  developed  and  a  maximum  shear 
stress  has  been  realized  on  this  surface,  the  shear  stress  may  decrease 
with  continued  deformation  until  it  attains  a  constant  or  ultimate  shear 
stress  ?  as  shown  in  fig.  24a.  The  ratio  of  shear  stress  to  normal 

stress  at  this  point  is  the  ultimate  coeffi¬ 
cient  of  internal  friction  tan  0  ,  where  0 

is  the  ultimate  angle  of  internal  friction,  as 
shown  in  fig.  24b.  Whereas  the  angle  of  in¬ 
ternal  friction  based  on  maximum  shear  stress 
can  be  considered  to  represent  a  static  con¬ 
dition,  the  angle  based  on  ultimate  shear 
stress  is  somewhat  kinematic  since  it  reflects 
particle  displacements  and  reorientations 
with  movement.  For  a  loose  material  the  two 
angles  are  essentially  the  same,  as  shown  in 
fig.  24;  that  is, 

tan  0  =  tan  0^ 

whereas  for  a  dense  material  the  maximum  coef¬ 
ficient  of  internal  friction  is  greater  than  the  ultimate  coefficient  of 
internal  friction,  or 


(ao 


Fig.  24.  Relation  between 
maximum  and  ultimate  angles 
of  internal  friction 
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tan  6  >  tan  6 
r 


which  is  similar  to  the  relation  between  the  coefficients  of  static  and 
kinetic  sliding  friction. 

69.  When  the  factor  of  safety  in  slope  stability  analyses  5  ?  1 

is  computed  as 


the  tacit  assumption  is  made  that  the  angle  of  repose  equals  the  angle  of 
internal  friction.  Some  investigators1^ A7>48  ^ave  emphasized  the  dif¬ 


ferences  between  these  two  angles,  and  this  opinion  stems  mainly  from 
the  consideration  of  the  constraint  of  internal  particles  compared  with 


those  at  the  surface.  The  strength 

envelope  of  a  dense  cohesionless 

material  is  typically  curved  concave 

downward;  ?  5  y  consequently,  the 

inclination  of  a  straight  line  from 

the  origin  through  the  plotted  maximum 

shear  stress  from  each  direct  shear 

test  (or  tangent  to  the  largest  stress 

circle  from  each  triaxial  compression 

test)  will  decrease  with  increasing 

confining  pressure,  as  shown  in 

fig.  25  for  the  test  results  reported 

49 

by  Seed  and  Goodman.  '  This  variable 
inclination  is  the  maximum  angle  of 

47  j 

stress  obliquity  0  ,  and  is  com¬ 

puted  as 


*  f1 

0.  =  arctan  — 
l  cr 


NORMAL  STRESS  <T,  LB  PER  SQ  FT 


for  a  direct  shear  test,  and  as  P '  envelope  of  a 

cohesionless  material  reported  by 

Seed  and  Goodman49 
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for  a  triaxial  compression  test  where  (o^/cr^^  ratio  of  the 

major  principal  stress  and  the  minor  principal  stress  cr  •  ex~ 

tremely  low  confining  pressures  (near  zero),  the  effect  of  particle  inter¬ 
locking  can  he  quite  significant.  For  example,  if  the  test  results  re¬ 
ported  by  Seed  and  Goodman  were  interpreted  on  the  basis  of  the  best -fitted 
straight-line  envelope,  as  shown  in  fig.  25a,  the  strength  envelope  would 
have  a  cohesion  intercept  c^  equivalent  to  the  maximum  shear  stress 
mobilized  by  a  normal  stress  essentially  equal  to  the  weight  of  a  one- 
particle  -thick  layer  of  the  material.  On  the  other  hand,  if  the  maximum 
angle  of  internal  friction  were  assumed  to  be  equal  to  the  maximum  angle  of 
stress  obliquity,  the  angle  of  internal  friction  would  exceed  60  deg  under 
an  equally  low  normal  stress.  Seed  and  Goodman  have  shown  that  the  cohe¬ 
sion  intercept  due  to  interlocking  is  significant  where  surficial  movement 
involves  a  layer  several  particle  diameters  thick. 

70.  Angles  of  repose  for  several  materials  are  plotted  in  fig.  26 

against  the  comparable  angles  of  internal  friction  based  on  maximum  shear 

stresses.  The  data  from  Bustamante  indicate  angles  of  repose  for  sand  as 

much  as  15  deg  smaller  than  the  maximum  angles  of  internal  friction.  On 

27 

the  other  hand,  some  data  from  Morris  show  angles  of  repose  as  much  as 
8  deg  larger  than  the  angles  of  internal  friction.  These  data  were  deter¬ 
mined  by  Morris  using  tilting-box  tests  and  triaxial  compression  tests  of 
16  materials  artificially  fragmented  and  abraded  to  give  a  large  vari¬ 
ation  in  particle  shape,  angularity,  and  surface  texture.  However,  every 
test  specimen  was  prepared  by  the  same  vibratory  compaction  procedure. 

Thus,  whereas  the  angle  of  repose  increased  continuously  with  increasing 
overall  roughness  and  angularity  of  the  particles,  the  angle  of  internal 
friction  reached  a  maximum  value  and  then  decreased  with  further  particle 
roughness.  The  decrease  in  angle  of  internal  friction  with  increasing 
roughness  is  caused  by  an  increase  in  porosity  for  a  constant  compaction 
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MAXIMUM  ANGLE  OF  INTERNAL  FRICTION  DEG 


LEGEND 

•  SAND,  TILTING  MODEL  EMBANKMENTS1 
O  SAND,  TILTING -BOX  TESTS1 
A  SAND,  TILTING  MODEL  EMBANKMENTS 50 
A  GRAVEL  AND  CRUSHED  ROCK,  T ILTING-BOX  TESTS27 
■  ROCKFILL,  UNDERMINING  EMBANKMENTS51 
□  RIVER  GRAVEL,  UNDERMINING  STOCKPILES51 

Fig.  2 6.  Comparisons  of  angles  of  repose  with  maximum 
angles  of  internal  friction 

effort;  this  increase  in  porosity  is  due  to  the  increased  frictional  re¬ 
sistance  against  the  movement  of  particles  relative  to  each  other  during 

13 

compaction,  a  phenomenon  reported  by  Vallerga,  and  others. 

71.  In  fig.  27  are  plotted  angles  of  deposition  against  the  com¬ 
parable  angles  of  internal  friction  based  on  ultimate  shear  stresses.  The 
angles  of  deposition  are  in  no  case  larger  than  the  ultimate  angles  of 
internal  friction  and  are  as  much  as  10  deg  smaller.  There  are  not  enough 
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LEGEND 
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■  ROCKF1LL,  END-DUMPING  ONTO  EMBANKMENT51 
□  RIVER  GRAVEL,  END  DUMPING  ONTO  STOCKPILE51 

Fig.  27-  Comparisons  of  angles  of  deposition 
with  ultimate  angles  of  internal  friction 


data  available  to  permit  a  comparison  of  the  difference  between  the  angles 
of  repose  and  deposition  with  the  difference  between  the  maximum  and  ulti¬ 


15  20  25  30  35  40  45 


MAXIMUM  ANGLE  OF  INTERNAL  FRICTION  0,  DEG 

Fig.  28.  Comparisons  of  angles  of 
deposition  with  maximum  angles  of 
internal  friction  found  in  tests  by 
Met calf 6 


mate  angles  of  internal  friction. 

72.  The  single  published  in¬ 
vestigation  specifically  intended 
to  relate  slope  angle  to  angle  of 
internal  friction  was  conducted 
by  Metcalf.^  Metcalf  found  angles 
of  deposition  to  be  markedly  and 
erratically  larger  than  maximum 
angles  of  internal  friction  for 
material  tested  in  an  initially 
loose  condition >  but  closely  match¬ 
ing  the  angles  of  internal  friction 
for  material  tested  in  an  initially 
dense  condition,  as  shown  in  fig.  28. 
These  results  are  in  direct  contra¬ 
diction  and  the  view  that  the  angle 
of  repose  (always  larger  than  the 
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angle  of  deposition)  is  approximately  equal  to  the  angle  of  internal  fric¬ 
tion  of  the  material  in  its  loosest  condition. 

Comparison  of  Angle  of  Repose  with  Angle  of  Deposition 

73-  A  useful  relation  between  the  angle  of  repose  and  the  angle  of 
deposition  is  the  factor  of  safety  against  resumption  of  material  movement. 
This  can  be  expressed  as  the  ratio  of  the  tangent  of  the  angle  of  repose 
to  the  tangent  of  the  angle  of  deposition,  that  is, 

fs  =  iss_£. 

tan  5 

74.  Plotted  in  fig.  29  are  data  comparing  the  angle  of  deposition  to 
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Fig.  29.  Comparisons  of  angles  of  repose  with  angles  of  deposition' 
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the  angle  of  repose.  The  ratios  of  the  tangents  of  the  two  angles  approach 

1.0  as  a  limit  and  do  not  exceed  1.5  in  any  case.  The  model  tests  of  sand 

by  Bustamante^"  gave  ratios  of  about  1.1,  and  undermining  the  fallback 

32 

slopes  of  the  Pre-Schooner  II  crater  gave  ratios  of  less  than  1.2. 

75 •  From  the  preceding  considerations,  it  appears  that  the  relation 
between  the  angle  of  repose  and  the  angle  of  deposition  is  a  better  measure 
of  the  factor  of  safety  of  a  cohesionless  slope  than  the  relation  of  either 
the  angle  of  repose  or  angle  of  deposition  to  the  angle  of  initial 
friction. 
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PART  V:  EMPIRICAL  DATA 


7 6.  Slopes  formed  on  cohesionless  materials  in  stockpiles,  dumped 
rock-fill  dams,  and  open-pit  mines  provide  numerous  opportunities  for  ob¬ 
taining  empirical  data,  and  such  observations  are  frequently  reported  in 
technical  periodicals.  Laboratory  investigations  and  measurements  of 
natural  slopes  also  provide  a  valuable  source  of  data  concerning  cohesion¬ 
less  slopes.  Available  data  are  reviewed  in  Appendix  A.  A  considerable 
amount  of  information  concerning  cohesionless  slopes  has  been  developed  in 
recent  years  in  connection  with  cratering  phenomenology  in  cohesionless 
media.  This  information  is  reviewed  in  Appendix  B.  The  results  of  the 
surveys  presented  in  Appendixes  A  and  B  are  summarized  below. 

77.  Summarizing  the  data  contained  in  Appendixes  A  and  B  is  handi¬ 
capped  by  the  variety  of  sources  and  the  particular  circumstances  of  slope 
formation  or  failure  in  each  case.  These  varying  circumstances  require 
judgment  in  deciding  whether  the  data  refer  to  angles  of  repose  or  angles 
of  deposition.  Such  judgment  is  especially  needed  in  the  case  of  ex¬ 
cavating  or  undermining  an  existing  slope  since  the  resulting  slope  may  be 
formed  either  mainly  by  the  removal  of  material  (tending  to  steepen  the 
slope  toward  an  angle  of  repose)  or  mainly  by  the  redeposition  of  disturbed 
material.  Most  of  the  available  data,  however,  refer  to  angles  of  deposi¬ 
tion;  measurements  of  slope  angles  that  are  clearly  angles  of  repose  are 
not  available  except  for  materials  comprising  relatively  small-sized 
particles . 


Angles  of  Deposition 

78.  Laboratory  measurements  of  angles  of  deposition  by  van  Burkalow 
gave  values  ranging  from  34  to  42  deg  for  slopes  in  material  composed  of 
angular,  sand-sized  (less  than  0.2-in.)  particles  when  existing  piles  were 
undermined.  Angles  as  large  as  50  deg  were  observed  for  material  composed 
of  larger  (up  to  0-75 -in.)  particles.  Simons  and  Lane  undermined  stock¬ 
piles  of  sand,  gravel,  and  crushed  rock  and  found  the  resulting  slope 


angles  varied  from  29  to  39  deg  for  rounded  particles  and  32  to  42  deg  for 
angular  particles.  Both  rounded  and  angular  gravel- sized  (less  than 
2.5-in.)  particles  attained  an  angle  of  40  deg  when  shoveled  into  piles  by 
Rinkert,-^  whereas  Bustamante  poured  sand  onto  a  pile  and  found  that  the 
slope  angle  decreased  from  37  to  32  deg  as  the  pile  grew.  Metcalf  measured 
angles  of  deposition  between  30  and  40  deg  for  crushed,  sand- sized  par¬ 
ticles  in  laboratory  tests,  with  the  average  angle  being  37  deg.  Sand- sized 

53 

particles  deposited  underwater  were  reported  by  Twenhofel^  to  form  slopes 

,  54 

ranging  from  33  to  43  deg.  Allen's^  experiments  showed  that  well-rounded 
sand  deposited  by  flowing  water  could  form  a  slope  as  steep  as  38  deg. 

Wind-deposited  sand  dunes  have  lee  slopes  inclined  at  30  to  34  deg. 

55 

79-  Davis^  found  slopes  on  iron  ore  stockpiles  varied  in  inclina¬ 
tion  from  3^  to  45  deg,  whereas  other  observations  of  piles  of  ore  and 
mining  wastes  indicated  slope  angles  ranging  from  33  to  37  deg.  Although 
slopes  on  dumped  rock- fill  dams  vary  between  36  and  40  deg  for  angular 
particles,  they  may  be  as  flat  as  30  deg  for  rounded  particles.  Blasted 
copper  ore  in  open-pit  mines  formed  slopes  varying  between  32  and  45  deg 
in  inclination,  with  an  average  slope  angle  of  37  deg.  Slope  angles  from 
handbooks  and  construction  codes  vary  between  20  and  48  deg,  averaging 
38  deg.  Both  Behre^  and  Sharped  gave  a  range  in  slope  angle  for  taluses 
from  26  to  35  deg  as  a  rule,  with  some  as  large  as  36  deg  and  a  very  small 
number  as  large  as  42  deg.  Taluses  formed  beneath  cliffs  were  found  by 
Koons  to  have  slopes  with  angles  between  24  and  3^  deg,  whereas  those 
around  Buckboard  Mesa  in  Nevada  averaged  32  deg,  with  none  steeper  than 
40  deg.  Miner^®  measured  slope  angles  of  38  to  40  deg  on  taluses  composed 
of  unusually  angular  and  elongated  particles.  Melton  suggested  that  bulky 
particles  in  motion  on  a  slope  would  not  be  arrested  unless  the  slope 
angle  was  smaller  than  28  deg. 

80.  Angles  of  deposition  for  materials  launched  into  motion  by 
slope  failures  have  been  measured  in  laboratory  studies.  Tan  found  such 
angles  ranged  from  27  to  33  deg  for  both  sand  and  gravel  (up  to  0.75  in. 
in  size)  and  were  inversely  related  to  the  inclination  of  the  slope  prior 
to  failure.  This  relation  was  also  observed  by  Bustamante  for  sand,  with 
angles  of  33  to  35  deg  being  reported.  Slope  failures  of  sand  underwater 
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resulted  in  slope  angles  averaging  32  deg  in  the  tests  by  Allen. 

81.  Fallback  slope  angles  of  explosion -produced  craters  may  be  af¬ 
fected  by  the  depth  of  burst  in  some  materials  and  are  maximal  at  the 
optimum  depth  of  burst.  Fallback  slope  angles  are  also  affected  by  the 
bulking  factor  of  the  fallback  materials  and  by  slope  failures  that  may 
occur  during  crater  formation.  For  near -optimum  depths  of  burst,  fallback 
slope  angles  were  found  to  vary  from  34  to  42  deg  for  desert  alluvium  and 
31  to  37  deg  for  basalt,  with  the  average  of  all  angles  being  about  3 6  deg. 
A  single  cratering  experiment  in  rhyolite  produced  a  fallback  slope  angle 
of  38  deg.  Row  craters  tend  to  have  slightly  flatter  fallback  slopes 
than  single  craters,  and  the  slopes  tend  to  be  more  planar  in  section. 

82.  The  overall  range  of  angles  of  deposition  given  above  is  not 
large,  despite  the  wide  variety  of  materials  and  manners  of  deposition. 
Excluding  the  extreme  values  found  in  handbooks,  the  angles  vary  between 
24  and  50  deg,  though  a  range  of  27  to  42  deg  is  suggested  as  being  more 
representative.  Also,  a  very  strong  mode  of  37  deg  for  angular  particles 
can  be  seen.  Fallback  slope  angles  averaging  about  36  deg  appear  to  cor¬ 
relate  well  with  the  other  values  reported,  considering  the  difference  in 
manner  of  deposition. 


Angles  of  Repose 

83.  Model  embankments  of  sand  and  of  gravel  were  tilted  by  Tan  to 
slope  angles  ranging  from  36  to  42  deg  before  failure,  with  the  larger 
angles  for  the  larger-sized  particles.  Bustamante  tilted  similar  models 
of  sand  to  angles  of  45  to  47  deg  when  the  material  was  dense,  but  the 
maximum  slope  angle  did  not  exceed  36  deg  once  the  material  became  loosened 
by  slope  failures.  This  sand  was  also  tested  by  Bustamante  in  a  tilting 
box,  and  the  angle  of  repose  was  found  to  average  42  deg.  Morris  measured 
angles  of  repose  between  44  and  55  deg  for  dense  materials  in  tilting-box 
tests  involving  very  angular  and  rough-textured  particles. 

84.  Stockpiles  of  river  gravel  and  angular  rock  fill  were  excavated 
to  form  slopes  between  42  and  45  deg,  according  to  Jones.  Slopes  on  com¬ 
pacted  rock-fill  dams  can  be  as  steep  as  45  deg.  Nitchiporovitch^  reported 
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slope  angles  ranging  from  36  to  47  deg  resulting  from  the  undermining  of 
piles  of  gravel  and  crushed  rock.  Debris- covered  hillsides  in  an  arid 
region  were  found  by  Melton  never  to  be  steeper  than  34  deg  for  volcanic 
rock  and  38  deg  for  granitic  rock. 

85.  The  fallback  slope  of  one  explosion-produced  crater  (Pre- 
Schooner  II )  was  steepened  by  undermining  to  an  inclination  of  about 
43  deg  from  an  initial  slope  angle  of  38  deg. 

86.  These  values  of  angles  of  repose  vary  between  34  and  47  deg  if 
the  data  reported  by  Morris  are  excluded  as  being  inapplicable  to  materials 
deposited  by  common  methods.  Where  comparative  angles  of  repose  and  dep¬ 
osition  were  given,  the  ratio  of  the  tangents  of  the  two  angles  was  found 
not  to  exceed  1:5;  the  smallest  ratio  was  about  1:1.  For  the  Pre-Schooner 
II  crater,  the  ratio  of  the  tangents  of  the  two  angles  was  about  1:2. 
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PART  VI:  CONCLUSIONS 


87.  There  appear  to  be  no  theoretical  bases  yet  available  for  pre¬ 
dicting  the  initial  inclination  of  the  slope  formed  by  the  deposition  of 

a  given  cohesionless  material.  Similarly,  there  are  insufficient  empirical 
data  available  to  establish  general  relations  between  angles  of  deposition 
and  the  characteristics  of  materials.  Nevertheless,  some  consistencies  and 
trends  among  the  data  examined  for  this  study  suggest  that  reasonable  esti¬ 
mates  are  possible  of  both  the  initial  slope  inclination  and  the  factor  of 
safety  against  the  resumption  of  surficial  movement  by  the  deposited 
material . 

88.  An  essential  consideration  with  regard  to  slopes  formed  by  the 
deposition  of  cohesionless  material  is  the  distinction  between  an  angle  of 
deposition,  representing  the  cessation  of  particle  movement,  and  an  angle 
of  repose,  representing  the  resumption  of  particle  movement;  these  condi¬ 
tions  of  slope  formation  and  slope  failure  are  often  confused  as  being  a 
single  angle  of  repose.  The  ratio  of  the  tangents  of  these  two  angles 

is  a  representation  of  the  factor  of  safety  of  a  slope  formed  by  deposi¬ 
tion.  Based  on  the  available  data  and  hypotheses,  the  following  conclu¬ 
sions  are  believed  to  be  tenable: 

a.  The  angle  of  deposition  is  mainly  a  function  of  the  grada¬ 
tion,  shape,  and  angularity  of  the  particles  and  the  manner 
of  deposition;  it  may  be  related  to  the  angle  of  kinetic 
sliding  friction  between  particles.  Angles  can  range  be¬ 
tween  22  and  42  deg  except  in  cases  of  unusual  methods  of 
deposition,  and  are  generally  32  to  42  deg  for  angular 
particles ,  with  angles  of  34  to  37  deg  to  be  expected  in 
most  cases. 

b.  The  angle  of  repose  is  mainly  a  function  of  the  gradation, 
shape,  and  angularity  of  the  particles  and  the  structure 
(relative  density  and  particle  orientation)  of  the  material. 
It  is  always  larger  than  the  angle  of  deposition  of  the 
same  material.  Angles  can  range  between  27  and  47  deg  ex¬ 
cept  where  a  material  has  an  unusual  structure,  and  are 
generally  37  to  47  deg  for  angular  particles. 

c_.  The  factor  of  safety  of  a  slope  formed  by  deposition  is 
mainly  a  function  of  the  manner  of  deposition.  Values 
probably  range  from  about  1.1  to  no  more  than  1.5  for  the 
common  methods  of  deposition. 
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89.  The  conclusions  mentioned  on  the  previous  page  are  believed 
applicable  to  fallback  slopes  in  explosion -produced  craters.  However,  the 
volume  and  areal  distribution  of  the  redeposited  material  appear  to  be 
major  factors,  perhaps  even  more  important  than  the  characteristics  of  the 
individual  particles.  Thus,  the  fallback  slope  angles  should  be  affected 
by  both  the  type  of  material  cratered  (as  this  affects  the  release  of  ex¬ 
plosive  energy)  and  the  geometry  of  the  explosion  (number  and  spacing  of 
charges  and  depth  of  burst).  Craters  produced  in  rock  by  explosions  near 
optimum  depth  of  burst  may  have  slope  angles  no  larger  than  38  deg  and 
no  smaller  than  30  deg,  and  possibly  no  smaller  than  3^-  deg  for  row 
craters.  In  such  a  material,  the  initial  factor  of  safety  against  further 
movement  of  particles  may  lie  between  1.1  and  1.5. 
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APPENDIX  A:  EMPIRICAL  DATA  ON  COHESIONLESS  SLOPES 
(EXCLUDING-  CRATERING  STUDIES) 


1.  Available  empirical  data  on  slopes  in  cohesionless  materials 
are  reviewed  below.  The  data  are  reviewed  according  to  the  type  and  source 
of  information,  since  the  materials  and  methods  followed  are  often  peculiar 
to  each  source.  In  general,  emphasis  has  been  placed  on  materials  produced 
from  hard  rocks  by  blasting.  Where  data  are  tabulated,  they  are  usually 
given  under  the  heading  "Slope  Angle,"  rather  than  angle  of  deposition  or 
angle  of  repose.  Although  the  text  provides  some  attempt  to  designate 
which  angle  was  measured,  this  is  quite  uncertain  in  some  cases.  Also, 
reference  to  the  specific  angle  may  be  misleading;  for  example,  if  slope 
angles  were  measured  before  and  after  a  failure,  they  are  angles  of  repose 
and  deposition,  respectively,  but  they  cannot  be  related  since  their  order 
of  occurrence  is  incorrect. 


Laboratory  Investigations 


Van  Burkalow 

2.  A  quite  comprehensive  series  of  laboratory  studies  was  conducted 

4* 

by  van  Burkalow,  who  also  summarized  previous  investigations.  Great  care 
was  taken  in  the  experimental  studies  to  isolate  each  important  factor  (such 
as  size,  shape,  and  surface  texture)  and  to  evaluate  its  influence.  However, 
some  tests  were  based  on  unusual  materials  (such  as  wooden  blocks  and  lead 
shot),  and  many  data  are  incomplete.  The  slopes  are  generally  formed  by 
the  undermining  of  piles  of  particles,  though  a  few  were  formed  from  freely 
falling  particles,  and  the  resultant  slope  angles  corresponded  more  closely 
to  angles  of  deposition  than  to  angles  of  repose.  When  the  larger  wooden 
particles  were  used,  the  slope  length  was  equal  to  only  10  to  30  particle 
diameters,  and,  perhaps  in  consequence,  many  measured  inclinations  were 
very  steep  (up  to  60  deg).  Nevertheless,  the  test  results  may  reflect  the 
relative  influences  of  various  factors  on  the  slope  angle  and  have  been 
cited  in  Part  III.  Selected  test  results  are  summarized  below. 

3.  To  illustrate  the  effect  of  particle  size  and  angularity  on  the 


*  Raised  numbers  refer  to  similarly  numbered  items  in  the  Literature  Cited  at 
the  end  of  the  main  text  of  this  report. 
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slope  angle,  a  relatively  bulky  and  angular  sand  from  New  Jersey  was  com¬ 
pared  with  a  bulky  and  well-rounded  St.  Peter  sand  from  Minnesota.  Samples 
of  uniform  particle  size  were  taken  from  each  material,  piled  in  a  loose 
condition,  and  when  undermined,  produced  the  following  slope  angles: 


Particle  Size 
in. 


_ Slope  Angle,  deg _ 

Angular  Rounded 

Material  Material 


0.002  to  0.005 


35 


34 


0.016  to  0.02 


34 


33 


A  similar  comparison  for  loose,  uniform  rhinestones  gave  results  as  follows 


Average  Particle  Size  Slope  Angle 

_ in. _  deg 

0.09  37 

0.16  33 

These  tests  showed  an  inverse  relation  between  particle  size  and  angle  of 
deposition  for  "uniformly  sized  material. 

4.  In  tests  conducted  on  well-graded  samples  of  the  angular  New 
Jersey  sand  the  range  of  particle  sizes  was  increased  by  increasing  the 
maximum  particle  size  of  each  sample.  The  following  slope  angles  were 
obtained  by  the  undermining  of  piles  of  loose  material: 


Particle 

Size 

Slope  Angle 

in, 

deg 

0.002 

to 

0.005 

35 

0.002 

to 

0.02 

3  6 

0.002 

to 

0.08 

37 

0.002 

to 

0.26 

42 

In  this  case,  the  results  showed  a  direct  relation  between  particle  size 
and  angle  of  deposition.  This  relation  is  supported  by  tests  of  a  well- 
graded,  crushed  traprock,  which  produced  the  following  slope  angles: 


Average  Particle  Size,  in. 
0.25 
0.38 
0.62 
0.75 


Slope  Angle ,  deg 
42 
44 
46 
50 


A2 


5.  Tests  were  next  performed  in  which  the  relative  density  of  the 
same  well-graded  New  Jersey  sand  was  increased  by  vibration  before  the 
piles  were  undermined;  the  following  slope  angles  were  produced: 

Slope  Angle ,  deg 


Dense  Material 


Particle  Size,  in.  Loose  Material  Dense  Material 

0.002  to  0.005  35 

0.002  to  0.02  36  37 

0.002  to  0.08  37  39 

0.002  to  0.26  k2 

An  increase  in  angle  of  deposition  with  an  increase  in  relative  density 
was  apparent  in  these  results.  This  increase  was  also  shown  by  the  under¬ 
mining  of  piles  of  the  well-graded  sand  that  had  been  sprinkled  (allowed  to 
fall  freely)  from  various  heights;  relative  density  increased  with  the 
height  of  fall.  These  tests  gave  the  following  results: 


Particle  Size 


0.002  to  0.02 
0.002  to  0.08 


_ Slope  Angle ,  deg _ 

Loose  Material  Densified  by  Falling 

Material  3-in.  Fall  9“in-  Fall 


6.  Piles  that  formed  naturally  by  deposition  of  freely  falling 
particles  had  erratic  slope  inclinations  that  were  approximately  averaged 
as  follows: 


Particle  Size 


0.002  to  0.02 
0.002  to  0.08 


_ Slope  Angle,  deg _ 

Formed  by  Formed  by  Fall- 

Undermining  _ ing  onto  Pile _ 

Loose  Pile  3-in.  Fall  9“in.  Fall 


Here  the  results  illustrated  the  decrease  in  angle  of  deposition  with 
increasing  initial  velocity  of  the  particles. 

7.  Loose  piles  of  the  same  well-graded  New  Jersey  sand  were  under¬ 
mined  to  form  slopes  curved  in  plan,  with  the  following  results: 
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Slope  Angle ,  deg 


Concave 

in  Plan 

Convex 

in  Plan 

Particle 

in. 

Size 

Linear 

Slope 

8- in. 
Radius 

4-in. 

Radius 

U-in. 

Radius 

4- in. 
Radius 

0.002  to 

0.02 

36 

36 

37 

36 

34 

0.002  to 

0.08 

37 

38 

4o 

37 

35 

This  final  series  of  tests  showed  that  the  effect  of  increasing  curvature 
is  an  increase  in  the  angle  of  deposition  of  a  concave  slope  and  a  decrease 
in  the  angle  of  deposition  of  a  convex  slope, 

Twenhofel 

8,  Twenhofel*^  reported  studies  of  the  sedimentation  of  cohesionless 
materials  underwater  (presumably  by  means  of  laboratory  tests);  the  studies 
showed  the  following  angles  of  deposition: 


Particle  Size 
in. 

Particle  Angularity 

Slope  A 
deg 

0.002  to  0.02 

— 

33 

0.02  to  0.08 

Rounded 

35 

0.02  to  0.08 

Angular 

38 

0.08  to  0.16 

Subangular  to  angular 

43 

Tan 

9.  In  conduction  with  a  study  of  the  mechanism  of  slope  failure  by 

50 

means  of  laboratory  models.  Tan  performed  a  few  tests  to  determine  the 
angle  of  repose  of  a  "fine  to  coarse"  sand  (possibly  0.002  to  0.1  in.) 
by  the  tilting  of  a  model  slope  about  2  ft  long  and  1.5  ft  wide.  The  angle 
of  repose  was  36  deg  regardless  of  whether  the  material  was  loose  or  dense, 
and  after  surficial  movement  ceased,  the  material  came  to  rest  at  an  angle 
of  33  deg.  Gravels  were  similarly  tested,  with  the  following  results: 


Particle  Size 

Slope  Angle,  deg 

in. 

Before  Movement 

After  Movement 

0.002  to  0.1 

36 

33 

0.38 

36 

31 

0.75 

42 

27 

Bustamante 

10.  Model  tests 

conducted  by  Bustamante^  to 

study  the  effect  < 

earthquake  motions  on  rock- fill  embankments  included  several  static  tests 


in  which  the  models,  having  slopes  from  2.0  to  3*3  ft  high  and  almost  15  ft 
long,  were  tilted  to  induce  failure.  Also,  a  number  of  companion  labo¬ 
ratory  tests  were  performed  to  measure  the  angles  of  static  friction  and 
internal  friction.  The  material  was  a  uniform,  subangular  sand  of  volcanic 
origin  from  the  Federal  District  in  Mexico;  it  had  the  following 


characteristics: 

a.  Maximum  particle  size  =  0.25  in. 

b.  Average  particle  size  =  0.l6  in. 

£.  Coefficient  of  uniformity  =1.39 

d.  Coefficient  of  curvature  =  0.99 

e.  Specific  gravity  =2.62 

f.  Water  content  0.5  percent 


11.  Laboratory  direct  shear  tests  under  low  normal  stresses  (less 
than  35  psf)  gave  the  following  values  for  the  angle  of  internal  friction 
of  the  material: 

Initial  Maximum  Angle  Ultimate  Angle 

Porosity  of  Internal  Fric-  of  Internal  Fric- 

percent  tion,  deg  tion,  deg 

50  (loose)  58  40 

46  (dense)  62  42 

These  values  agreed  closely  with  values  obtained  by  triaxial  compression 
tests  under  equally  low  confining  pressures.  Static  friction  tests  of 
particles  on  surfaces  of  similar  material  indicated  an  angle  of  static 
friction  of  about  26  deg. 

12.  Two  other  types  of  tests  were  performed  by  Bustamante  to  aid  in 
correlating  the  direct  shear  tests  with  the  model  tests.  First,  thin  (0.2- 
to  4-in. -deep)  layers  of  the  material  were  placed  in  a  shallow,  5-ft-square 
box,  which  was  slowly  tilted  until  significant  surface  movement  occurred; 
the  surface  inclination  at  failure  averaged  42  deg  for  both  the  loose 

(n  =  50  percent)  and  dense  (n  =  46  percent)  materials,  irrespective  of 
layer  thickness.  Second,  a  circular  pile  of  the  material  was  formed  by 
feeding  material  onto  the  apex  of  the  pile  at  a  low  rate  through  a  sieve 
maintained  0.5  ft  above  the  apex.  The  slope  angle  was  found  to  decrease 
with  increasing  height  of  the  pile,  varying  from  37  deg  when  the  pile  was 
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about  1  ft  high  to  32  deg  as  the  height  approached  3  ft. 

13.  The  model  embankments  were  compacted  within  forms  and,  after 
removal  of  the  forms,  were  tilted  until  significant  surface  movement 
occurred.  Thus,  the  maximum  inclination  of  these  plane  slopes  corresponds 
to  the  angle  of  repose  of  the  compacted  material,  and  the  inclination 
of  the  material  after  movement  represents  an  angle  of  deposition.  Further 
tilting  of  each  model  after  the  first  failure  permitted  a  measurement  of 
the  angle  of  repose  of  the  material  as  it  had  been  deposited  by  sliding. 

The  results  from  eight  selected  models  are  shown  in  fig.  A1  and  the  average 
values  are  summarized  as  follows: 


Initial 

Porosity 

percent 

50  (loose) 
46  (dense) 


Slope  Angle,  deg 


First  Failure 


Second  Failure 


Before 

Movement 

45 

47 


After 

Movement 

33 

33 


Before 

Movement 

36 

36 


After 

Movement 

35 

35 


As  shown  in  fig.  Al,  the  angle  of  repose  decreased  slightly  in  the  first 


SLOPE  ANGLE  BEFORE  FAILURE,  DEG. 

Fig.  Al.  Relation  between  angle  of  deposition  and  initial 
slope  angle  found  in  model  tests  by  Bustamante^- 


failures  with  decreasing  initial  relative  density,  and  then  decreased 
markedly  in  the  second  failures  with  the  sharp  decrease  in  relative 
density;  this  decrease  in  relative  density  was  assumed  to  have  resulted 
from  the  disturbance  of  the  material  by  the  first  failures.  A  comparison 
of  the  slope  angles  after  the  first  failures  with  those  after  the  second 
failures  shows  a  distinct  increase  in  angle  of  deposition  with  a  decrease 
in  kinetic  energy  of  the  moving  material  (the  decrease  in  kinetic  energy 
resulting  from  the  failure  of  the  flatter  slopes). 

Rinkert 

14.  Rinkert^  performed  direct  shear  tests  of  pebbles  (rounded  and 
generally  oval  particles,  0.6  to  1.2  in.  in  diameter)  and  macadam  (believed 
to  be  angular  particles  of  crushed  rock,  1.2  to  2.4  in.  in  diameter),  and 
found  the  angle  of  internal  friction  to  be  about  40  deg  for  each  material. 
When  the  materials  were  shoveled  into  heaps  (apparently  circular,  and  at 
least  3  ft  high) ,  the  average  slope  angle  was  40  deg  for  each  material 
when  on  the  verge  of  failing. 

Morris 

27 

15.  As  previously  noted,  Morris  tested  a  number  of  materials  com¬ 
posed  of  uniformly  sized  particles  (approximately  0.12  in.)  that  had  been 
artificially  roughened  or  smoothed.  Although  the  shape,  angularity,  and 
surface  texture  of  the  particles  are  not  explicitly  known,  they  have  been 
shown  in  table  A1  as  inferred  from  the  treatment  given  to  the  particles. 
Each  material  was  placed  in  a  wooden  box  l8  in.  long  by  4  in.  wide  by 

1  in.  deep  and  the  box  was  vibrated  to  densify  the  material.  Then  the 
box  was  tilted  longitudinally  until  surficial  movement  indicated  what 
Morris  called  the  dense  angle  of  repose,  which  should  correspond  closely 
to  the  maximum  angle  of  repose.  These  angles  are  shown  in  table  A1  to¬ 
gether  with  results  of  triaxial  compression  tests  of  the  same  materials 
vibrated  in  a  similar  manner.  The  increase  in  angle  of  repose  with  in¬ 
creased  particle  angularity  and  surface  roughness  is  clear. 

Metcalf 

16.  In  a  study  specifically  directed  toward  understanding  the 
phenomenon  of  angle  of  repose,  Metcalf Q  performed  laboratory  tests  of 
several  materials,  as  shown  in  table  A2,  to  determine  (a)  the  angle  of 
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Based  on  maximum  a-,  from  triaxial  compression  tests  with  a  of  0.97  ton/sq  ft. 


Table  A2 

Results  of  Tests  by  Metcalf^  of  Crushed  Materials* 


*  Presumably  widely  graded,  with  almost  all  particles  finer  than  0.25  in. 
**  Presumably  a  cemented  shale  occurring  in  conduction  with  coal  deposits. 


deposition,  as  defined  in  this  report,  (h)  the  angle  of  internal  friction, 
for  material  in  both  loose  and  dense  states,  and  (c)  the  angle  of  kinetic 
sliding  friction.  The  materials  were  crushed  until  almost  all  particles 
were  smaller  than  0.25  in.,  and  presumably  each  material  was  widely  graded. 
Angles  of  deposition  were  measured  after  piles  "a  few  inches  high"  of  loose 
material  had  been  undermined  to  cause  a  free  flow  of  the  material.  Angles 
of  internal  friction  were  determined  as  follows.  A  1-in. -thick  layer  of 
the  material  was  placed  in  a  4. 5-in. -wide  box  having  glass  plates  for  the 
longer  sides  and  a  wooden  block,  which  could  slide  horizontally  between  the 
glass  sides,  for  one  of  the  shorter  sides.  Then,  the  wooden  block  was  moved 
inward  under  a  horizontal  force  until  a  sliding  surface  formed  through  the 
mass;  the  inclination  of  this  surface  with  respect  to  the  horizontal  was 
used  to  compute  the  angle  of  internal  friction.  These  shear  tests  (actually 
plane  strain  compression  tests)  were  performed  for  each  material  in  a  loose 
condition  (created  by  gently  feeding  material  from  the  periphery  of  the  box 
so  that  particles  came  to  rest  from  movement  on  a  slope  rather  than  from 
falling  vertically)  and  in  a  dense  condition  (created  by  repeatedly  stabbing 
into  the  mass).  Angles  of  kinetic  sliding  friction  were  determined  by 
pushing  a  particle  of  each  material  across  a  flat  surface  sawed  in  a  piece 
of  the  same  material;  the  maximum  inclination  of  the  pushing  force  possible 
during  movement  was  taken  as  the  angle  of  kinetic  friction.  Interpretations 
by  Metcalf  of  these  tests  were  presented  previously. 

17.  Metcalf  also  studied  the  angle  of  deposition  of  mixtures  of 
materials.  For  example,  varying  the  proportions  of  shale  (b  =  33  deg)  and 
coal  (b  =  36  deg)  in  a  mixture  gave  the  following  angles  of  deposition: 

Proportions  of  Mixture,  %  Angle  of 

Shale  Coal  Deposition,  deg 


>25 

<75 

33 

10  to  20 

80  to  90 

34 

5 

95 

35 

<5 

>95 

36 

Stockpiles  and  Waste  Dumps 


Simons 

18.  A  rather  extensive  study  of  the  maximum  slopes  of  cohesionless 
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a  ^  ^  n.  10,28 

materials,  "based  on  measurements  of  stockpiles,  was  conducted  by  Simons 
after  earlier  investigations  initiated  by  Lane.^  Twenty-four  outdoor  stock¬ 
piles  of  gravel  and  crushed  rock  were  examined  as  well  as  several  piles  of 
sand  in  the  laboratory.  The  stable  slopes  of  the  piles  were  undermined  to 
induce  sliding,  and  the  inclinations  of  the  resulting  slopes  were  measured; 
thus,  these  were  all  angles  of  deposition.  Particle  size  analyses  were 
made,  the  angularity  of  particles  was  estimated,  and  the  height  of  each 
pile  was  measured.  Most  of  the  materials  were  relatively  uniform  in  size, 
and  the  effect  of  gradation  on  the  slope  angles  for  the  nonuniform  mate¬ 
rials  was  indefinite.  The  piles  ranged  in  height  from  3  to  25  ft.  The 
results  are  summarized  as  follows: 


Average 
Particle  Size 
in. 


_ Slope  Angle,  deg _ _ 

Angular  Rounded 

Particles  Particles 


0.01 

0.1 

1 

10 


32 

35  to  36 

40  to  41 
42 


29  to  30 

30 

35 

39 


A  strong  trend  of  increasing  slope  angle  with  increasing  average  particle 
size  can  he  seen. 

Compton  and  Steinriede 

19.  Compton  and  Steinriede^  found  that  waste  removed  from  the 
Bingham  Canyon  open-pit  copper  mine  in  Utah  was  being  dumped  to  form  slopes 
700  to  800  ft  high  at  an  angle  of  37  deg,  though  the  slope  angles  of  older 
deposits  were  34  to  35  deg.  At  Ruth,  Nevada,  measurements  of  dumps  formed 
of  waste  from  the  Liberty  open -pit  copper  mine  were  as  follows: 


Height 

Average 

Name 

of  Slope 

Number  of 

Slope  Angle 

of  Dump 

ft 

Measurements 

deg 

Puritan 

150 

ii 

34  to  35 

Sunshine 

100 

3 

35 

Keystone 

200 

6 

36 

Juniper 

100 

4 

37 

Similar  waste  dumps  at  Miami,  Arizona,  had  a  maximum  height  of  400  ft  and 
a  slope  angle  of  about  37  deg. 


All 


Metcalf 


20.  From  a  study  of  published  photographs  of  waste  dumps,  Metcalf 
reported  the  following  slope  angles: 

_ Type  of  Dump  _ Material _  Slope  Angle,  deg 

Mining  waste  Quartzite,  predominantly  37 

Ore-treatment  waste  Quartzite  35  to  37 

Coal-washing  waste  Shale,  predominantly  33 

Stockpiles  (20  ft  high)  Anhydrite  37 

Davis 
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21.  Davis  reported  the  results  of  laboratory  direct  shear  tests 

on  the  -0.05-in.  fraction  of  an  iron  ore  having  the  following  characteristics 


a. 

Maximum  particle  size  = 

0.83  in. 

b  • 

Average  particle  size  = 

0.06  in. 

c. 

Coefficient  of  uniformity  = 

12 

d. 

Coefficient  of  curvature  = 

0.7 

e. 

Specific  gravity  = 

4.6l 

The  angle  of  internal  friction  was  found  to  increase  from  38  to  49  deg  with 
a  decrease  in  porosity  from  42  to  34  percent.  Observations  of  outdoor 
stockpiles  of  this  material  revealed  slope  angles  varying  from  34  to  45  deg 
with  variations  in  the  porosity  from  44  to  38  percent. 

Miscellaneous  sources 

22.  Computations  of  the  areas  covered  by  conical  stockpiles  of  ore 
have  been  based  on  a  slope  angle  of  37  deg.71  It  has  been  noted72  that 
waste  dumped  out  of  most  lode  mines  rested  at  an  angle  of  37  deg,  and 
many  measurements  of  sandstone  and  shale  spoil  banks  averaging  60  ft  in 
height  at  coal  mines  in  Kentucky  gave  an  average  slope  angle  of  37  deg.7^ 

Rock-Fill  Dams 

23.  A  common  method  for  constructing  a  rock- fill  dam  is  to  dump  the 
material  in  high  lifts  (say  50  to  100  ft)  and  permit  it  to  seek  its  natural 
slope  angle.  A  relatively  sound,  blasted  rock  is  used,  the  material  is 
often  sluiced  with  large  quantities  of  water  frcm  high-pressure  monitors  as 
it  is  being  dumped  from  trucks,  and  the  material  may  be  graded  to  contain 
particles  ranging  ffom  sand  and  gravel  sizes  to  10  to  20  tons  apiece.  Thus, 


dumped,  rock-fill  dams  offer  excellent  sources  of  information  on  the  slopes 
formed  naturally  by  materials  of  large  particle  size  under  these  specified 
conditions.  The  Corps  of  Engineers  does  not  follow  the  practice  of  dumping 
rock-fill  materials.  The  materials  are  placed  in  relatively  thin  compacted 
lifts  so  as  to  minimize  settlement,  deflection,  and  resultant  cracking. 
Table  A3  shows  slope  angles  formed  by  dumped  rock  fill  for  dams  constructed 
in  many  parts  of  the  world.  The  small  range  of  angles  (36  to  40  deg)  is 
quite  clear. 

24.  An  extremely  small  variation  in  slope  angle  among  different 

materials  and  with  varying  particle  size  was  also  found  by  Galloway,^  who 

noted  that  a  loose  rock  fill  of  graduated  particle  sizes  would  generally 

assume  a  natural  angle  of  about  37  deg  if  the  particles  were  permitted  to 

75 

roll  down  the  slope.  Sherard  and  others  have  observed  that  the  stable 

slope  angle  for  rock-  and  gravel-fill  materials  varies  from  30  deg  for 

rounded  stream  gravels  to  about  40  deg  for  angular  quarried  rock.  However, 

when  compacted  in  thin  lifts,  ordinary  quarried  rock  fill  can  be  stable 

with  slopes  as  steep  as  45  deg. 

51 

25.  Jones  reported  comparative  tests  of  two  materials  used  for 
constructing  Benmore  Dam  in  New  Zealand.  The  first  was  rock  fill  derived 
from  rippable  graywacke  and  argillite,  and  the  second  was  a  river  gravel 
having  well-rounded  particles  of  hard  graywacke.  These  materials  had 
the  following  characteristics: 


_ Characteristic _ 

Maximum  particle  size,  in. 
Average  particle  size,  in. 
Coefficient  of  uniformity 
Coefficient  of  curvature 


Rockfill 
Coarse  Fine 

Grading  Grading 

24  1.5 

4.5  0.13 

17  4o 


River  Gravel 
Coarse  Fine 

Grading  Grading 

18  3.0 

4.0  0.39 

13  65 


1.3  1.8 


1.2  1.9 


26.  Laboratory  triaxial  compression  tests  of  the  fine  gradings  of 
each  material  showed  angles  of  internal  friction  ranging  from  42  to  46  deg 
for  the  rock  fill  with  an  increase  in  relative  density  from  55  to  83  per¬ 
cent,  and  about  39  deg  for  the  river  over  a  variation  of  relative  density 
from  52  to  75  percent. 
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Drangslet,  Sweden  Porphyry,  70  percent  finer  than  20  in.,  10  ^00  to  65  Downstream 

percent  finer  than  2  in.,  not  sluiced 


27.  Measurements  of  slopes  20  ft  high  formed  hy  dumping  the  rock 
fill  from  trucks  gave  angles  of  37  deg  for  the  fine  grading  and  40  deg  for 
the  coarse;  excavation  of  the  toe  of  these  rock-fill  embankments  produced 
stable  slopes  as  steep  as  42  to  45  deg.  Slopes  formed  by  truck-dumping  the 
river  gravel  into  embankments  up  to  30  ft  high  averaged  35  deg  in  inclina¬ 
tion.  When  excavated  at  the  toe,  a  high  stockpile  of  river  gravel  would 
attain  slopes  as  steep  as  45  deg,  though  these  would  flatten  to  35  to  37 
deg  over  a  period  of  time. 

28.  Nitchiporovitch^  stated  that  the  angle  of  deposition  of  rock- 
fill  slopes  formed  by  allowing  the  material  to  roll  down  a  slope  is  approx¬ 
imately  38  to  40  deg.  If  a  slope  is  formed  by  undermining,  however,  its 
inclination  will  depend  on  the  porosity  of  the  material.  He  reported  the 
following  slope  angles  formed  by  undermining: 


Porosity  Slope  Angle 

Material  percent  deg 

Crushed  rock  44  36 

37  40 

Gravel  50  42 

40  47 


Quarries  and  Open-Pit  Mines 


29.  When  the  working  face  of  a  quarry  or  of  a  bench  in  an  open -pit 
mine  is  blasted,  the  fragmented  material  slumps  to  form  a  slope.  Rela¬ 
tively  little  momentum  is  imparted  to  the  particles  by  the  blast  since 
the  explosive  energy  in  any  efficient  mining  operation  is  spent  on  frag¬ 
menting  the  rock  rather  than  moving  it.  Such  slopes,  which  probably  had 
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bench  heights  of  about  50  ft,  were  examined  by  Lacy  at  several  open-pit 
copper  mines  in  Arizona.  His  observations  are  summarized  as  follows: 


_ Material 

Schist 

Andesite 

Altered  limestone 

Fanglomerate 

Conglomerate 


Slope  Angle,  deg 
33  to  35 
33  to  35 

33  to  35 

34  to  36 

35  to  36 


A15 


Material 


Slope  Angle 3  deg 


Monzonite  35  to  42 

Rhyolite  36 

Diabase  36 

Silty  limestone  36 

Alaskite  36  to  38 

Quartz  diorite  39 

Intrusive  breccia  40  to  42 


The  average  of  all  the  measurements  he  reported  was  close  to  37  deg. 

/fry 

30.  Cates  also  gave  slope  angles  for  broken  copper  ore  as  measured 
on  the  benches  of  open-pit  mines  in  arid  regions.  These  angles  are  as 
follows : 


_ Material _ 

Porphyry 

Porphyry 

Porphyry 

Monzonite  porphyry 


Bench  Height,  ft' 
30  to  90 
70  (avg) 

30  to  60 
30 


Slope  Angle,  deg 
32 
34 
37 
45 


Natural  Deposits 


31.  Slopes  formed  by  natural  geological  processes  are  subject  to 
secondary  influences  resulting  from  erosion,  frost  action,  groundwater, 
and  weathering.  Nevertheless,  the  study  of  some  natural  deposits  can  be 
meaningful,  especially  as  the  size  of  the  particles  may  be  in  the  range 
(e.g.  10  to  100  in.)  of  those  expected  to  be  produced  by  a  cratering  explo¬ 
sion  in  hard  rock. 

32.  Sand  dunes  are  wind-formed  piles  of  extremely  uniform,  rela¬ 
tively  bulky,  well-rounded  and  polished  quartz  particles.  The  particle 
sizes  may  be  about  0.004  to  0.04  in.,  but  in  any  given  deposit  the  range 

of  sizes  is  usually  less  than  0.02  in.,  according  to  Bagnold.35  The  parti¬ 
cles  are  rolled  by  the  wind  up  and  over  the  windward  slope  of  a  dune  where 
they  fall  gently  upon  the  lee  slope,  sometimes  in  the  presence  of  an  upward, 
return  current  of  air.  Larger  particles  tend  to  gather  near  the  bottom  of 


the  lee  slope  whereas  the  smaller  ones  collect  near  the  top  with  a  steeper 
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slope  until  a  slide  occurs.  Inman,  Ewing,  and  Corliss,  found  on  the  lee 
slopes  of  coastal  dunes  in  Baja,  California,  that  after  each  slide  the 
material  came  to  rest  at  a  consistent  angle  of  33  deg  and  in  layers  about 
1  in.  thick.  According  to  Twenhofel,^  one  investigator  (S.  Passarge)  ob¬ 
served  slope  angles  of  30  to  33  deg,  and  another  investigator  (G.  B.  Cressey) 

observed  that  the  inclination  of  dune  slopes  along  Lake  Michigan  in  Indiana 

35 

never  exceeds  32  deg.  Studies  of  Libyan  sand  dunes  by  Bagnold  indicated 
the  angle  of  repose  to  be  34  deg.  It  is  to  be  noted  that  dune  sands  are 
Bmnng  the  most  uniform  and  well-rounded  materials  that  can  be  found,  so  slope 
angles  should  approach  a  minimum  for  this  manner  of  deposition.  Furthermore, 
since  this  manner  of  deposition  is  relatively  gentle  and  the  upward  air- 
currents  tend  to  create  a  loose  arrangement  of  the  particles ,  the  slope 
might  be  considered  to  have  an  angle  of  repose  approaching  the  smallest 
possible  for  any  material. 

33.  The  formation  of  sand  waves  by  flowing  water  is  similar  in 
character  to  the  formation  of  sand  dunes  by  flowing  air,  and  the  slope 
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angles  produced  tend  to  be  the  same  in  both  cases .  Allen  performed 
experiments  in  a  laboratory  flume  using  a  uniform  sand  with  well-rounded 
particles  to  study  the  growth  of  sand  waves  in  water.  At  low  rates  of 
horizontal  flow  the  material  deposited  near  the  top  of  the  lee  slope  would 
attain  a  maximum  angle  averaging  38  deg  and  would  then,  intermittently, 
slide  in  a  mass  5  to  10  average  particle  diameters  thick  to  rest  at  a 
slope  averaging  32  deg.  When  the  rate  of  flow  was  increased  to  a  certain 
level  the  material  deposited  on  the  lee  slope  would  continuously  slide 
in  a  mass  with  a  depth  of  5  to  10  average  particle  diameters  and  would 
come  to  rest  at  a  slope  averaging  only  30  deg.  These  results  illustrate 
the  decrease  in  angle  of  deposition  with  an  increase  in  horizontal  component 
of  the  initial  velocity. 

34.  Talus  is  a  deposit  of  rock  debris  which  accumulates  in  a  pile  at 
the  foot  of  a  cliff  or  lies  in  a  sheet  on  an  inclined  surface  below  the 
cliff. ^  The  material  is  produced  by  mechanical  weathering  of  the  parent 
rock  mass,  which  causes  blocks  or  slabs,  as  defined  by  the  joint  pattern, 
to  slide  or  fall  onto  the  crest  of  the  talus  slope.  The  particles  can  be 
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very  large,  are  generally  angular,  and  sometimes  fall  an  appreciable  dis¬ 
tance  before  striking  the  talus.  Therefore,  the  manner  of  deposition 
can  be  similar  in  character  to  the  deposition  of  fallback  in  an  explosion 
crater.  Several  geomorphologists  have  studied  the  inclination  of  talus 
slopes,  though  their  reports  frequently  fail  to  differentiate  between 
particles  resting  on  a  talus  of  similar  particles  and  those  resting  on  an 
otherwise  bare  rock  slope.  Also,  observations  of  talus  can  be  confused  by 
effects  of  weathering  and  creep. 

c<C 

35.  From  numerous  observations  in  the  Rocky  Mountains,  Behre^  con¬ 
cluded  that  the  maximum  angle  of  talus  slopes,  regardless  of  the  size  and 
angularity  of  the  particles,  is  42  deg,  though  the  infrequency  of  this  angle 
and  the  thinness  of  the  talus  wherever  it  was  measured  led  him  to  reject 
the  figure  for  most  generalizations .  By  far  the  most  common  maximum  angle 
found  is  36  deg  for  the  particles  of  greatest  size  and  angularity.  For 
other  than  these  largest  size  particles,  the  slope  angles  in  an  area  of 
active  talus  formation  might  be  generally  as  follows: 


Average  Particle 
Size,  in. 

0.5  to  1 


Average  Slope 
Angle,  deg 

26  to  31 


0.5  to  2 

0.5  to  4 
0.5  to  6 

0.5  to  12 


31  to  32 

32  to  34 
35 

35 


He  observed  that  the  larger  particles  remained  near  the  crest  of  the  slope, 
causing  it  to  be  concave  in  cross  section,  and  only  exceptionally  large 
particles  rolled  to  the  bottom.  Behre  believed  that  the  particles  deposited 
on  a  given  talus  slope  have  about  the  same  size  initially  and  that  as 
weathering  reduces  their  size,  they  move  downward  to  form  a  concave 
slope  in  accordance  with  his  generalized  relation,  given  above,  between 
size  and  slope  angle.  The  same  range  of  slope  angles  given  by  Behre,  that 
is,  26  to  36  deg,  was  considered  by  Sharpe^  to  be  the  usual  range  of  the 
angle  of  repose  of  talus  materials,  hut  no  reference  was  made  to  particle 
sizes. 


36.  Talus  slopes  below  retreating  cliffs  in  the  southwestern  United 
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States  were  observed  by  Koons  J  to  have  the  following  average  angles: 


Material 

Basalt 

Sandstone 

Limestone 


Particle 
Size,  in, 

2  to  90 

2  to  70 

1  to  35 


Slope  Angle 
deg 

24  to  30 

30  to  34 

31  to  33 


In  the  formations  he  investigated,  the  rock  debris  lay  in  sheets  averaging 
3  to  6  ft  thick  upon  rock  slopes  inclined  at  angles  averaging  36  deg.  He 
advanced  the  notion  that  such  taluses  are  formed  not  by  a  continual  dribble 
of  material  from  the  cliffs  but  by  periodic  massive  slides  or  falls  from 
cliffs  upon  the  bare  rock  slopes  below,  these  lower  slopes  having  been 
denuded  of  earlier  slide  debris.  This  would  represent  a  severe  manner  of 
deposition. 

37*  A  limited  number  of  measurements  of  talus  slopes  around  Buckboard 

Mesa  at  the  U.  S.  Atomic  Energy  Commission  Nevada  Test  Site  by  WES 

6l 

personnel  indicated  that  the  lower  portions  of  slopes  usually  varied 
in  inclination  between  20  and  30  deg,  and  the  upper  portions  varied  be¬ 
tween  30  and  35  deg.  Slope  angles  as  large  as  40  deg  were  found,  but 
the  average  was  about  32  deg.  The  material  consisted  of  generally  bulky 
and  angular  particles  of  basalt  widely  graded  to  a  maximum  size  of  50  in., 
the  average  size  being  about  10  to  20  in.  These  slopes  were  60  to  80  ft 
high  and  the  talus  formed  a  veneer  only  a  few  feet  thick  upon  an  inclined 
rock  surface. 

rO 

38.  Miner"*0  was  surprised  by  the  extreme  steepness  of  talus  slopes 
along  the  south  side  of  the  St.  Lawrence  River  in  Quebec.  He  believed 
that  the  angle  of  repose  of  coarse  cohesionless  material  does  not  usu¬ 
ally  exceed  35  deg,  but  these  slopes  stand  at  angles  generally  between  38 
and  40  deg  with  heights  as  great  as  175  ft  and  with  marked  surface  stabil¬ 
ity.  The  material  consists  of  angular,  elongated  particles  of  calcareous 
shale  and  slate  ranging  in  size  from  0.5  to  5  in.,  with  most  particles  1 
to  3  in.  in  size.  He  observed  that  the  particles  lay  with  their  long  axes 
essentially  parallel  to  the  slope,  with  each  surface  particle  overlapped 
by  the  one  upslope  of  it,  in  an  echelon  arrangement  "so  orderly  that, 
viewed  as  a  whole,  it  gave  the  appearance  of  having  been  laid  by  hand." 


A19 


39-  Melton"*"1  made  detailed  observations  and  measurements  of  numerous 
debris-covered  slopes  at  least  60  ft  long  in  southern  Arizona.  As  a  rule, 


these  slopes 

had  been  formed  by 

the  in-place  weathering 

and  detachment  of 

particles  from  the  parent  rock  : 

rather  than  by  the  fall  of  particles  onto 

the  slopes. 

His  findings  are  summarized  as  follows: 

Type  of 

Average 

Maximum 

Maximum 

Parent 

Particle  Size 

Angle  of  Deposition* 

Slope  Angle 

Rock 

in. 

deg 

deg 

Granitic 

3  to  13 

28 

38 

Volcanic 

5  to  11 

28 

3^ 

*  Defined  by  whether  a  dropped  particle  (bulky  and  greater  than 
average  particle  size)  would  roll  to  the  bottom  of  the  slope. 

Although  he  found,  at  most,  a  very  weak  relation  between  slope  angle  and 

particle  size,  he  suggests  that  particle  size  is  a  function  of  the  slope 

angle.  He  believes  that  the  angles  of  repose  and  deposition  are,  in  effect, 

equal  to  the  angles  of  static  and  kinetic  sliding  friction,  respectively. 

Handbooks  and  Codes 

40.  Handbooks  of  civil  and  mining  engineering  practice  invariably 
contain  tabulated  values  of  the  angle  of  repose  of  various  materials.  Some 
codes  for  construction  or  excavation  practice  also  present  such  angles.  The 
following  are  typical  and  pertinent  values  from  these  sources: 


Material 

Slope  Angle 
4eg 

Refer enc 

Sand, 

dry 

20  to  35 

82 

Sand, 

dry 

38 

83 

Sand, 

fine,  dry 

31  to  37 

84 

Sand, 

clean,  loose,  dry 

3^ 

65, 

68,  85 ,  86 

Sand, 

uniform,  loose 

30  to  35 

87 

Sand, 

uniform,  compact 

35  to  40 

87 

Sand, 

well  graded,  loose 

35  to  40 

87 

Sand, 

well  graded,  compact 

40  to  45 

87 

Sandy  gravel 

26 

84 

Gravel,  round  to  angular 

30  to  48 

82 
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Material 


Slope  Angle 
deg 


Reference 


Gravel 

35 

to 

45 

87 

Gravel 

40 

83 

Gravel,  clean,  loose,  dry 

37 

65, 

68,  85 

Gravel,  dry 

37 

to 

45 

84 

Shingle 

39 

83 

Iron  ore,  soft,  broken 

35 

84, 

86 

Ore,  various 

38 

to 

42 

84 

Ore,  broken 

45 

86 

Shale,  broken 

30 

to 

35 

87 

Shale ,  fragment  s 

34 

to 

38 

64 

Shale,  fragments 

37 

68 

Shale,  crushed 

39 

86 

Marl,  fragments 

33 

to 

36 

64 

Chalk,  fragments 

33 

to 

36 

64 

Chalk,  broken 

35 

to 

45 

87 

Metamorphic  rock,  fragments 

34 

to 

38 

64 

Rock,  crushed 

35 

to 

45 

87 

Stone,  crushed 

37 

84 

Stone,  broken 

38 

83 

Soft  rotten  rock 

37 

85 

Hard  rotten  rock 

45 

85 

Limestone,  fragments 

38 

to 

42 

64 

Limestone,  fragments 

45 

68 

Sandstone,  soft 

33 

to 

37 

64 

Sandstone,  hard 

38 

to 

42 

64 

Sand  s t one ,  fragment  s 

45 

68 

Igneous  rock 

37 

to 

42 

64 

Rock,  hard  (riprap) 

45 

65 

Rubble 

45 

83 

A  histogram  of  all  these  values  is  plotted  in  fig.  A2a,  and  a  cumulative 
curve  for  each  of  the  three  approximate  classes  of  material  (sand,  gravel, 
and  rock  fragments)  is  shown  in  fig.  A2b  along  with  a  summary  curve.  The 
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APPENDIX  B:  COHESIONEESS  SLOPES  IN  EXPLOSION -PRODUCED  CRATERS 

Explosion-Produced  Craters 

1.  The  redeposition  of  blasted  material  into  craters  formed  by  the 
detonation  of  buried  explosives  results  in  slopes  of  special  interest  in 
this  study.  Many  cratering  experiments  using  chemical  explosives  have 
been  made  for  military  purposes,  but  the  reported  data  are  often  incomplete 
with  regard  to  slope  inclinations.  However,  some  cratering  experiments, 
using  both  nuclear  and  chemical  explosives,  conducted  at  the  Nevada  Test 
Site  have  been  thoroughly  reported  and  a  selected  number  of  these  are  de¬ 
scribed  below.  Only  those  cratering  data  pertaining  to  buried  explosions 
at  or  near  optimum  depth  of  burst  are  considered. 

2.  As  shown  in  fig.  Bl,  the  dimensions  used  to  describe  a  crater 
for  most  purposes  are: 

Symbol  _ Dimension _ 

Dob  Depth  of  burst 

R  Cavity  radius 

c 

R  Apparent  crater  radius 

a 

D  Apparent  crater  depth 

a 

R  Apparent  lip  crest  radius 

a_L 

Ha^  Apparent  lip  crest  height 

and  these  are  measured  from  the  preshot  ground  surface  vertically  above 

88* 

the  zero  point  or  center  of  the  explosion.  To  compare  craters  formed 
by  explosions  of  different  energy  yields  W  ,  the  dimensions  are  usually 
scaled  by  dividing  by  the  3*^-  root  of  the  yield  in  kilotons  (kt)  of  nuclear 
energy  or  the  equivalent  for  a  chemical  explosive;  this  gives  units  of 
ft  per  kt1^'^.  The  crater  dimensions  vary  with  the  depth  of  burst  for  a 
given  yield  of  explosion,  and  the  relations  are  expressed  in  scaled  units. 
For  studying  the  geometry  and  stability  of  crater  slopes,  it  is  preferable 
to  establish  coordinate  axes  with  respect  to  the  planar,  upper  portion  of 
the  fallback  slope, ^  as  shown  in  fig.  Bl.  This  introduces  an  additional 


*  Raised  numbers  refer  to  similarly  numbered  items  in  the  Literature  Cited 
at  the  end  of  the  main  text  of  this  report. 
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Fig.  Bl.  Section  through  Sedan  crater  showing  crater  nomenclature  and 
dimensions  and  coordinate  axes  used  for  slope  stability  studies 


dimension  to  locate  the  origin  of  the  coordinate  system  with  respect 

to  the  apparent  crater  bottom.  The  distances  on  the  new  axes  can  also  be 
scaled  in  terms  of  the  yield.  In  this  report,  the  fallback  slope  angle  is 
always  as  shown  in  fig.  Bl,  that  is,  the  inclination  of  the  line  best 
fitting  the  more  planar,  upper  portion  of  the  fallback,  disregarding  both 
the  steeper  slope  immediately  below  the  crest  (sometimes  caused  by  the 
protrusion  of  the  true  crater  lip)  and  the  more  curved  lower  portion  of 
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VERTICAL  DISTANCE 


the  crater.  In  general,  this  line  is  tangent  to  the  apparent  crater  surface 
at  the  level  of  the  preshot  ground  surface.  The  average  fallback  slope  angle 
is  the  line  similarly  fitted  to  the  profile  of  an  equivalent  crater  having, 
in  plan,  the  same  area  at  every  elevation  but  with  a  regular  shape  (circular 
for  a  single  crater  and  rectangular  for  a  length  of  a  row  crater) . 

Crater  Formation 

3.  To  understand  the  characteristics  of  a  slope  formed  by  the  depo¬ 
sition  of  cohesionless  material,  it  is  important  to  know  the  manner  of 
deposition.  Unfortunately,  the  manner  in  which  an  explosion  crater  is 
produced,  particularly  with  regard  to  the  deposition  of  fallback,  is  not 
fully  known.  Some  insight  into  this  phenomenon,  however,  can  be  gained 
from  the  model  cratering  experiments  conducted  by  the  NCG^  and  by  Vesic, 
and  others. 9°  These  experiments  suggest  that  most  of  the  fallback  material 
slides  or  rolls  into  a  final  position  of  rest  when  the  crater  is  produced 
by  an  explosion  near  the  optimum  depth  of  burst  (at  which  the  apparent 
crater  radius  is  a  maximum) .  A  large  portion  of  the  material  may  not  be 
detached  and  thrown  upward  by  the  explosion,  but,  in  fact,  may  be  the 
debris  from  failures  of  the  instantaneously  steep  surface  formed  by  the 
upward  expansion  of  the  cavity.  Of  the  portion  of  material  that  is  thrown 
into  the  air  by  the  explosion,  relatively  little  should  fall  directly  into 
a  position  of  rest  within  the  crater,  even  if  the  areal  distribution  is 
uniform;  this  is  due  to  the  slope  of  the  crater  during  the  later  stages 

of  formation.  It  is  certain  that  the  uppermost  layer  of  fallback  material 
moves  by  sliding  or  rolling  down  the  slope,  as  is  shown  by  the  segregation 
of  particles  by  size  along  the  apparent  crater  surface.  Thus,  it  can  be 
assumed  that  fallback  slopes  form  by  massive  slumping,  followed  by  falling 
and  feeding  at  a  rapidly  decreasing  rate. 

4.  Although  sufficient  material  may  be  deposited  near  the  true  crater 
lip  to  develop  fully  the  maximum  angle  of  deposition  in  successful  cratering 

experiments,  this  may  not  be  true  if  the  depth  of  burst  is  not  near  optimum. 
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This  is  illustrated  by  Fulmer7  in  a  series  of  cratering  experiments 
that  used  single  spherical  1-lb  TNT  charges  in  a  compacted  plaster  sand 
having  the  following  characteristics: 
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a.  Maximum  particle  size  =  0.10  in. 

b.  Average  particle  size  =  0.018  in. 

c.  Coefficient  of  uniformity  =1.9 

d.  Coefficient  of  curvature  =1.2 

The  results  of  over  30  experiment s,  with  the  sand  both  dry  (less  than 
0.5  percent  water  content)  and  wet  (water  content  between  6  and  22  percent, 
the  latter  value  giving  complete  saturation),  are  shown  in  fig.  B2.  These 
results  show  a  distinct  decrease  in  the  average  fallback  slope  angle  with 
departure  of  the  depth  of  burst  in  either  direction  from  optimum.  Informa¬ 
tion  on  the  density  of  the  sand  is  not  available. 

5.  A  somewhat  similar  variation  in  fallback  slope  angle  with  depth 
of  burst  appears  in  the  results  of  Project  Zulu  II,  a  series  of  cratering 
experiments  by  the  NCG  using  single  spherical  1-lb  charges  of  compound  C4 
in  a  compacted  concrete  sand  (see  fig.  10,  page  15  herein)  having  the 
following  characteristics: 


a. 

Maximum  particle  size 

=  0.19  in 

b. 

Average  particle  size 

=  0.028  in. 

c. 

Coefficient  of  uniformity 

=  5-5 

d. 

Coefficient  of  curvature 

=  0.70 

e. 

Specific  gravity 

=  2.69 

The  individual  particles  were  subrounded  to  subangular  and  about  10  to  20 
percent  by  weight  were  nonbulky  (either  flat  or  elongated).  The  material 
was  compacted  in  layers  to  achieve  a  porosity  of  about  33  percent  (relative 
density  about  65  percent)  with  a  water  content  between  6  and  7  percent. 
Laboratory  triaxial  compression  tests  suggest  that  the  angle  of  internal 
friction  is  about  43  deg  with  a  cohesion  intercept  of  about  0.2  ton  per 
sq  ft  for  the  material  as  compacted.  Postshot  porosity  of  the  fallback 
material  averaged  about  42  percent  (relative  density  about  zero).  Fig.  B3 
shows  the  results  of  15  experiments  that  display  the  decrease  in  fall¬ 
back  slope  angle  with  departure  from  optimum  depth  (primarily  as  the  depth 
of  burst  increases )  of  the  depth  of  burst .  It  is  important  to  note  the 
variation  of  crater  dimensions  and  slope  angle  with  the  depth  of  burst ;  at 
a  scaled  depth  of  burst  greater  than  about  150  ft/kt^*^'^  (where  the  slope 
angle  decreases  sharply)  no  crater  is  formed  by  the  explosion. 


0  50  100  150  200  250 


DEPTH  IN  BURST,  FT  PER  KT,/3'4 


Fig.  B2.  Variation  in  average  fallback  slope  angle  with  depth  of  burst 
of  single  1-lb  TNT  charges  in  sand  found  in  experiments  by  Fulmer 
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Fig,  B3.  Variation  in  average  fallback  slope  angle  with  depth  of  burst  of 
single  1-lb  C4  charges  in  sand  found  in  results  of  Project  Zulu  II 


Craters  in  desert  alluvium 

6.  The  largest  crater  produced  in  the  desert  alluvium  of  the  Nevada 
Test  Site  was  that  of  Project  Sedan,33  in  whi.ch  a  single  100-kt  nuclear 
explosion  produced  an  apparent  crater  with  the  dimensions  given  in  table 
Bl.  Profiles  of  the  apparent  crater  are  shown  in  fig.  b4.  The  average 


Fig.  B4.  Typical  and  average  profiles  of  apparent  crater  of  Project  Sedan 
produced  by  single  100-kt  nuclear  explosion  in  desert  alluvium 


fallback  slope  angle  was  about  36  deg  and  was  a  fully  developed  angle  of 
deposition  as  evidenced  by  the  appearance  of  the  slope  and  by  the  fact  that 
an  average-size  particle  dropped  onto  the  slope  from  a  low  height  would 
invariably  roll  all  the  way  to  the  bottom.  The  material  at  the  Sedan 
crater  is  a  widely  graded  desert  alluvium  (see  fig.  10 )  having  relatively 
bulky,  subrounded  to  subangular  particles  and  the  following  typical 
characteristics : 

a.  Maximum  particle  size  =  3.0  in. 

b.  Average  particle  size  =  0.025  in. 

£.  Coefficient  of  uniformity  =  35 
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Dimensions  of  Selected  Explosion-Produced  Craters 
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Row  C’  was  an  extension  of  Row  C  crater  and  vented  into  the  existing  crater  before  venting  upward. 
Four  spaces  of  20.6  ft,  four  of  25.3  ft,  and  four  of  30. 9  ft. 


d.  Coefficient  of  curvature  =  0.71 

e.  Specific  gravity  =2.59 

The  gradation  varied  extremely;  some  10-  to  20-in.  boulders  were  present, 
and  the  average  particle  size  of  various  samples  ranged  from  less  than 
0.02  to  more  than  0.2  in.  Segregation  was  apparent  among  the  larger- 
sized  particles,  with  the  larger  ones  resting  at  the  crater  bottom  and  the 
size  of  the  particles  decreasing  with  distance  up  the  concave  slope.  How¬ 
ever,  the  material  at  the  bottom  contained  a  greater  percentage  of  the 
finer  (e.g.  less  than  0.02  in.)  sizes  than  did  the  material  up  the  slope. 
An  increase  in  porosity  and  a  decrease  in  water  content  with  height  above 
the  crater  bottom  were  also  observed.  Measurements  made  about  18  in. 


beneath  the  surface  showed  porosities 
ranging  from  about  4l  percent  (with  4  to 
7  percent  water  content)  at  the  bottom 
to  49  percent  about  one-fourth  the  way 
up,  and  57  percent  (with  1  percent  water 
content)  about  halfway  up  the  slope.  The 
average  of  all  porosity  measurements  was 
about  44  percent.  Laboratory  triaxial 
compression  tests  of  the  material  com¬ 
pacted  to  various  porosities  (with  about 
15  percent  water  content)  suggested  the 
angle  of  internal  friction  to  be  35  leg 
at  a  porosity  of  about  44  percent. 

7.  Numerous  other  single  craters 
have  been  produced  in  the  desert  allu¬ 
vium;  the  dimensions  of  the  larger  ones, 
ranging  in  equivalent  energy  yield  from 
0.00055  to  1.2  kt,  are  given  in  table  Bl. 
Figure  B5  shows  the  crater-scaling  rela¬ 
tions  developed  from  these  and  other 
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single  craters  in  the  desert  alluvium 
together  with  the  average  fallback  slope 
angle  for  each  crater.  It  should  be 


Fig.  B5-  Variation  in  average 
fallback  slope  angle  with  depth 
of  burst  of  single  explosions  in 
desert  alluvium 


B9 


0.8 


Fig.  B6.  Profile  shape  and  roundness  ratios  for  explosion -produced  craters 


noted  that  there  appears  to  be  no  relation  between  the  average  fallback 
slope  angle  and  the  depth  of  burst  such  as  that  found  in  the  model  cratering 
experiments  described  earlier.  The  two  profile  ratios,  and  Z^/D^  , 

are  plotted  in  fig.  B 6  for  all  the  explosion  craters  described  in  this 
report.  For  the  single  craters  in  alluvium,  there  is  a  discernible  tendency 
for  the  shape  ratio  to  vary  directly  with  the  average  fallback  slope  angles; 
the  shape  ratio  ranges  between  0.40  and  0.55  for  slope  angles  ranging 
between  31  and  39  degrees.  Over  this  range  of  slope  angles,  the  roundness 
ratio  varies  erratically  between  0.30  and  0.75?  though  most  of  the  values 
are  between  0.40  and  0.55- 

8.  The  apparent  crater  formed  by  a  linear  row  of  several  closely 
spaced,  simultaneous  explosions  (with  the  spacing  s  equal  to  or  slightly 
greater  than  the  apparent  crater  radius  of  a  single  crater)  tends  to  have 
a  smaller  profile  roundness  ratio  than  a  single  crater.  In  other  words, 
the  upper  portions  of  the  fallback  slopes  are  quite  planar  in  section  and 
there  is  relatively  little  rounding  at  the  bottom.  This  difference  may 
result  from  several  factors.  First,  and  probably  most  influential,  is  the 
different  areal  distribution  of  falling  material  thrown  into  the  air  by 
the  explosion.  Since  the  ratio  of  true  crater  volume  to  perimeter  is 
greater  for  a  row  crater,  a  relatively  larger  volume  of  material  falls  on 
the  lip  of  a  row  crater  than  on  the  lip  of  a  single  crater.  Because  of 
this  increased  volume  of  material  (as  well  as  the  interaction  of  the  explo¬ 
sions),  row  craters  are  wider,  deeper,  and  have  higher  side  lips  than 

OO 

equivalent  single  craters,  and  the  fallback  slopes  can  fully  develop 
planar  angles  of  deposition.  Second,  since  the  fallback  slopes  of  a  row 
crater  are  linear  in  plan,  there  would  not  be  present  the  converging  flow 
of  material  as  in  the  case  of  a  single  crater,  the  slope  of  which  has 
concave  curvature. 

9.  The  difference  in  apparent  crater  shapes  is  clearly  shown  by  the 

OO 

results  of  Project  Pre-Buggy  II  in  which  rows  of  spherical  1000-lb 
nitromethane  (NM)  charges  were  exploded  at  several  spacings  and  depths  of 
burst  in  the  desert  alluvium  of  the  Nevada  Test  Site.  These  results  are 
also  presented  in  table  Bl.  The  average  slope  angle  was  about  34  deg. 

From  the  typical  section  through  one  crater  (Row  H),  shown  in  fig.  B7,  it 
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can  be  seen  that  the  slope  is  plane  over  a  substantial  height.  Photo¬ 
graphs  of  these  craters  show  segregation  of  particles  by  size  on  the 
slopes,  indicating  that  the  last  particles  deposited  could  move  freely. 

The  profile  roundness  ratios  for  these  craters,  as  shown  in  fig.  B 6,  tend 
to  be  smaller  than  those  for  the  single  craters,  though  the  data  are 
erratic;  the  roundness  ratio  for  the  well-developed  crater  of  Row  H  is 
definitely  smaller. 

Craters  in  basalt 

10.  Several  craters  have  been  produced  in  the  basalt  cap  of  Buck- 
board  Mesa  at  the  Nevada  Test  Site.  The  largest  of  these  was  that  of 
Project  Danny  Boy, produced  by  a  single  0.42-kt  nuclear  explosion. 
Profiles  of  the  apparent  crater  are  shown  in  fig.  B8  and  the  dimensions  are 
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Fig.  B8.  Typical  and  average  profiles  of  apparent  crater  of  Project  Danny 
Boy  produced  by  single  0.42-kt  nuclear  explosion  in  basalt 

given  in  table  Bl.  The  average  fallback  slope  angle  was  about  36  deg.  The 
fallback  and  ejecta  material  consisted  of  vesicular  and  dense  basalts  that 
had  been  shattered  by  the  explosion  into  generally  bulky,  angular  particles 
with  the  following  typical  characteristics: 
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a. 

Maximum  particle  size 

=  72  in.* 

h. 

Average  particle  size 

=15  in. 

c. 

Coefficient  of  uniformity 

=  35 

d. 

Coefficient  of  curvature 

=  2.6 

e. 

Bulk  specific  gravity 

=  2.7 6** 

There  appears  to  he  a  correspondence  of  ejecta  particle  sizes  with  spacings 
of  natural  joints  in  the  parent  material,  as  shown  in  fig.  B9;  this  suggests 


JOINT  SPACING,  IN. 


100  10  I  0*1 


cr 

ID 

CD 

2 

D 

z 

>- 

CD 

cr 

ID 

o 

-J 

u 

w 

z 

o 


u. 

O 

I- 

z 

ID 

O 

cr 

LD 

a 


PARTICLE  SIZE,  IN. 


Fig.  B9.  Comparison  of  particle  size  distribution  of  ejecta  with 
natural  joint  spacing  distribution  at  Danny  Boy  crater 


the  possibility  of  predicting  the  gradation  of  fallback  and  ejecta  material 
on  the  basis  of  preshot  subsurface  explorations.  The  slant  height  of  the 
fallback  slope  was  equal  to  only  50  to  100  average  particle  diameters,  and 
the  radius  of  areal  curvature  was  relatively  small  compared  to  the  average 
particle  size. 


*  These  characteristics  are  based  on  the  particle-size  analysis  of  the 
ejecta,  as  shown  in  fig.  10.  Actually,  the  largest  particles  (up  to 
100  in.)  were  concentrated  near  the  bottom  of  the  crater. 

**  This  bulk  specific  gravity  is  for  the  densest  basalt;  with  increased 
vesicularity  this  value  became  as  low  as  2.1 6. 


11.  Dimensions  of  the  other  single  craters  in  basalt  are  given  in 
table  B1  and  are  plotted  in  fig.  BIO  along  with  the  crater- scaling  relations 
based  on  all  the  single  explosions  in  the  basalt  of  Buckboard  Mesa.  Three 
differences  can  be  noted  between  single  craters  formed  in  basalt  and  those 
formed  in  alluvium.  First,  the  average  fallback  slope  angles  are  slightly 
smaller  in  basalt,  varying  from  27  to  37  deg.  Second,  the  average  fall¬ 
back  slope  angles  in  basalt  tend  to  decrease  slightly  with  an  increase  in 
the  depth  of  burst  beyond  optimum,  as  was  the  case  in  Project  Zulu  II 
(again,  the  sharp  decrease  in  apparent  crater  dimensions  beyond  this  point 
must  be  kept  in  mind).  Finally,  the  upper  portions  of  the  fallback  slopes 
in  basalt  are  more  planar  in  section  and,  as -shown  in  fig.  b6,  the  profile 
roundness  ratios  are  distinctly  smaller;  excluding  one  value  of  0.35,  the 
ratios  range  from  0.15  to  0.25.  These  differences  may  be  due  to  the  rela¬ 
tively  large  ratio  of  volume  of  fallback  material  to  volume  of  true  crater; 
the  bulking  factor  for  the  material  at  the  Delta  crater  of  Project  Pre- 

Schooner  averaged  1.67,^  and  that  at  the  Sedan  crater  was  essentially 
33 

1.00.  Also,  much  more  of  the  explosion  energy  in  basalt  is  consumed  in 
forming  and  extending  the  cavity,  and  less  horizontal  acceleration  is 
imparted  to  the  detached  material  than  in  alluvium,  so  more  of  the  fall¬ 
back  may  be  redeposited  vertically  into  the  center  of  the  crater  rather 
than  initially  falling  near  the  periphery. 

12.  The  only  row  crater  on  Buckboard  Mesa  is  that  of  Project 

95 

Dugout,  which  involved  the  simultaneous  explosion  of  five  spherical 
40, 000-lb  DM  charges  to  produce  an  apparent  crater  with  the  dimensions 
given  in  table  Bl.  The  dimensions  of  this  crater  were  appreciably  greater 
than  those  of  the  craters  of  Project  Pre-Schooner.  However,  the  charges 
were  spaced  too  closely  (s  =  0.9  Ra)  to  produce  a  linear  crater,  and  the 
result  was  a  crater  elliptical  in  plan.  The  fallback  slopes  were  partic¬ 
ularly  smooth  and  planar  in  section,  as  shown  in  fig.  Bll,  and  averaged 
about  3 6  deg  in  inclination.  It  should  be  noted  that  the  profile  roundness 
ratio  is  about  the  same  for  this  row  crater  as  for  the  single  craters,  which 
is  in  contrast  to  the  difference  noted  between  the  row  and  single  craters 
in  alluvium. 
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APPARENT  CRATER  RADIUS 


APPARENT  CRATER  DEPTH 


-  NUCLEAR  EXPLOSIONS 

- CHEMICAL  EXPLOSIONS 
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ig.  BIO.  Variation  in  average  fallback  slope  angle  with  depth 
of  burst  of  single  explosions  in  basalt  of  Buckboard  Mesa 
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Fig.  Bll.  Typical  and  average  profiles  of  apparent  crater  of  Project  Dugout 
produced  by  row  of  403000-lb  nitromethane  explosions  in  basalt 


Crater  in  rhyolite 

13.  The  only  large  cratering  experiment  described  in  this  report 
that  was  not  conducted  at  the  Nevada  Test  Site  is  Project  Pre- 

32  96 

Schooner  II.  57  This  crater  was  produced  by  a  single  171,000-lb  NM 
explosion  in  the  extensively  fractured  vitrophyre  (including  a  thick 
layer  of  breccia)  and  felsite  comprising  the  top  of  Bruneau  Plateau  in 
southwestern  Idaho.  The  fallback  material  consisted  of  generally  bulky 
and  angular,  though  sometimes  subrounded,  particles  of  vitrophyre  and 
felsite  having  the  following  characteristics  (see  fig.  10): 

a.  Maximum  particle  size  =  75  in. 

b.  Average  particle  size  =  O.63  in. 

£.  Coefficient  of  uniformity  =  60 

d.  Coefficient  of  curvature  =  0.90 

e.  Bulk  specific  gravity  =  2.37 

The  porosity  of  the  fallback  material  averaged  29  percent,  indicating  a 
bulking  factor  of  only  1.40,  which  is  significantly  less  than  that  for 
the  basalt  of  Buckboard  Mesa.  The  fallback  slopes  were  relatively  planar 
in  section  and  quite  steep;  the  average  fallback  slope  angle  was  38  deg. 

14.  Removal  of  the  fallback  material  for  density  and  particle-size 
determinations  provided  an  opportunity  to  steepen  the  slope  on  this 
material  to  a  condition  of  imminent  surficial  failure,  that  is,  to  the 
angle  of  repose.  Trenches  were  excavated  by  a  dragline  on  roughly 
diametrically  opposite  radials  from  the  center  of  the  crater;  over  200,000 
cu  ft  of  fallback  material  were  so  removed.  The  trenches  -undermined  the 
remaining  portions  of  the  slope,  especially  in  the  southwestern  quadrant 
of  the  crater  where  the  steepened  slope  became  both  planar  in  section  and 
somewhat  linear  in  plan.  Fig.  B12  shows  in  four  profiles  the  steepening 
of  the  slope  along  bearing  S40°W  from  37  to  42  deg,  and  the  subsequent 
surficial  readjustment  of  the  steepened  slope  to  form  a  final  slope  in¬ 
clined  at  an  angle  of  38  deg.  The  slope  along  bearing  S15°W  was  similarly 
steepened  from  38  to  43  deg.  Thus,  it  can  be  concluded  that  the  slope  on 
the  Pre-Schooner  II  crater  was  formed  having  an  initial  factor  of  safety 
against  surficial  failure  (i.e.  against  readjustment)  of  about  1.2. 
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Pig.  B12.  Profiles  along  bearing  S40°W  of  apparent  crater,  of  P 
Pre-Schooner  II  showing  steepening  of  slope  by  undermining 
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Fig.  B13.  Comparison  of  selected  average  apparent  crater  profiles 


Comparison  of  crater  profiles 

15-  The  dimensions  of  several  craters  considered  in  this  report  are 
given  in  table  Bl,  plotted  in  scaled  units  in  figs.  B5  and  BIO,  and  shown 
as  profile  shape  and  roundness  ratios  in  fig.  B 6.  Nevertheless,  it  is 
revealing  to  compare  directly  the  profiles  of  these  craters  when  scaled  to 
the  same  size.  Figure  B13  shows  the  average  apparent  crater  of  ten  of  the 
larger  craters  scaled  to  the  same  value  of  R  tan  8  ,  that  is  to  the 
same  sum  of  and  Za  .  The  average  fallback  slope  angles  can  be  seen 

lying  within  a  rather  narrow  range  despite  the  differences  in  material 
cratered  and  in  the  geometry  of  the  explosion. 
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